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Abstract
A new monolithic semi-insnlating (SI) GaAs sensor design for X-ray imaging 
applications between lO-lOOkeV has been proposed. Monolithic pixel detectors 
offer a number of advantages over hybrid bnmp-bonded detectors, such as high 
device yield, low costs and are easier to produce large scale arrays. In this thesis, 
an investigation is made of the use of a SI GaAs wafer as both a detector ele­
ment and substrate for the epitaxially grown High Electron Mobility Transistors 
(HEMTs). The design of the HEMT transistors, optimised for this application, 
were produced with the aid of the Silvaco ’ Virtual Wafer Fab’ simulation pack­
age. It was determined that the device characteristics would consist of a small 
positive threshold voltage, a low off-state drain current and high transconduc­
tance. The final HEMT transistor design, that would be integrated to a pixel 
detector, had a threshold voltage of 0.17V, an off-state lealrage current of ~  InA  
and a transconductance of 7.4mS. A number of test detectors were characterised 
using an ion beam induced charge technique. Charge collection efficiency maps 
of the test detectors were produced to determine their quality as a X-ray detec­
tion material. From the results, the inhomogeneity of SI GaAs, homogeneity of 
epitaxial GaAs and granular nature of polycrystalline GaAs, were observed. The 
best of these detectors was used in conjunction with a commercial field effect 
transistor to produce a hybrid device. The charge switching nature of the hybrid 
device was shown and a sensitivity of 0.44p(7//uGy mm^, for a detector bias of 
60V, was found. The functionality of the hybrid sensor was the same to that pro­
posed for the monolithic sensor. The fabrication of the monolithic sensor, with 
an integrated HEMT transistor and external capacitor, was achieved. To reach 
the next stage of producing a monolithic sensor that integrates charge, requires 
further work in the design and the fabrication process.
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Chapter 1
Introduction
1.1 M otivation for x-ray im aging detectors
The detection of X-rays is used in many applications such as medical imaging, 
airport luggage checking, non-destructive material testing. X-ray astronomy and 
imaging of biological structures [1, 2], X-ray digital systems have potentially 
many advantages over currently used film systems, including the fact that the 
digital images can be sent over the internet. Thus, for example, medical experts 
anywhere in the world could be consulted about a medical X-ray. The image 
from a digital system would be available instantly, because there is no need 
for chemical film processing. The limitations of the film systems include film 
granularity, an increased dose to the patient due to photons scattering of the 
film and lack of detection efficiency. Semiconductor detectors are being widely 
explored for X-ray imaging, because they offer an attractive alternative to film, 
gas filled and scintillation detector systems. A major limitation of scintillation 
counters is their relatively poor energy resolution. This is due the inefficient 
steps of converting the incident radiation energy to light and then the subsequent 
generation of the light to an electrical signal. For the measurement of high energy 
X-rays, semiconductor detector dimensions can be kept much smaller than the 
equivalent gas-filled detectors, due to the higher density of the material.
13
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There are a number of initiatives that are looking into semiconductor detectors 
as an alternative to the film systems. XIMAGE is a European based project 
looking into digital X-ray systems, particularly for dental applications. The use 
of this technology offers a potential decrease in dose to 1-3% of the dose required 
for conventional film systems [4]. The use of semiconductor detectors is also 
being developed at the Large Hadron Collider (LHC) in Cern. For example.
Research and Development (RD) 8 is a collaboration for the development of 
gallium arsenide (GaAs) detectors for minimum ionising particles. Also, at Cern,
RD 19 is involved in silicon (Si) detector and readout electronics for the detection 
systems in the LHC.
For mammography, both the low contrast tumors in soft tissue as well as the 
opaque micro-calcifications, a few hundred microns in width, need to be detected
[5]. The detection of, for example, breast cancers would greatly benefit from 
improvements in sharpness and contrast of the images. Screening mammography 
exploits rather low energy X-rays ('^20keV), however, the larger number of X- 
rays needed to show faint contrasts provides a relatively high dose to the patient
[6]. Reductions in the dose as well as earlier detection of imperfections will all be 
beneficial to the patient. Mammography is a viable application of semiconductor 
detectors due to the small sensitive area (5x5 cm^) needed [7]. Semiconductor 
detectors can overcome the limitation in dynamic range of conventional X-ray j
film and have an improved sensitivity, contrast and a reduced dose [8]. j
Synchrotrons are accelerator facilities which are used for investigating the |
structure of matter. The availability of synchrotron radiation is resulting in major 
discoveries across the materials and biological disciplines. X-rays are the only 
means available to determine detailed structural information during growth and 
processing for many methods of material synthesis. The ability to understand and 
control crystal growth leads to advances in many areas of science and technology.
Nearly every study at the Cornell High Energy Synchrotron Source (CHESS) 
has indicated a need for better X-ray detectors. Fast, efficient and large area
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detectors have been identified as a necessity [9].
In astrophysics the hard X-ray regime between 10-200keV has been relatively 
unexplored [10]. Whilst Si has been used for low energy spectroscopy (< lOkeV), 
compound semiconductors with a higher atomic number seem to be promising 
for detection of the medium to high energy range.
There are a wide range of applications that would benefit from the use of 
semiconductor detectors. However, there are many semiconductor materials out 
there, and which semiconductor to be used will depend on many factors.
1.2 Sem iconductors
Silicon and germanium have been the dominant semiconductors used in the past. 
However, problems such as low detection efficiency with Si above energies of 
<^10keV, and the fact that both materials need cooling has lead towards a search 
for new materials.
Currently compound semiconductors, such as GaAs, Hgig, CdTe and GdZnTe 
are being researched into. Purity problems with these materials means that, to 
make them semi-insulating (SI), the impurities they contain have to be compen­
sated. This is further described in chapter 2. A list of the properties of some of 
the currently available semiconductors is in Table 2.2.
The processing technology of high Z semiconductors is less developed than 
that of Si and is more expensive. However, of these materials, GaAs is currently 
much cheaper especially when high quality material is required. It has been 
reported that using GaAs lowers the cost (by a factor of 100) in comparison 
with a system based on CdZnTe [11, 12]. All of the compound semiconductors 
mentioned are commercially available.
GaAs particle detectors were originally proposed for use at the LHC exper­
iments, where radiation hardness is of primary concern. The possible use of 
semiconductor detectors in high energy physics applications imposes serve de-
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mands on the radiation hardness of the semiconductor used. The advantage of 
GaAs over silicon for particle detectors is the higher carrier mobility and a better 
radiation hardness to high doses of gamma rays and neutrons [13, 14]. How­
ever, GaAs detectors have been found to be more susceptible to proton induced 
damage than silicon detectors [15].
GaAs has a significant advantage over other high Z semiconductors such as 
CdTe, CdZnTe and Hglg because they have access to an existing well-established 
microelectronics technology. The GaAs technology offers opportunity to integrate 
custom front end electronics directly on the detector chip, with the potential 
for realising compact, high performance, and reliable integrated spectroscopic 
and imaging systems for X and 7-rays [16, 17]. Out of the possible high Z 
semiconductor currently available, GaAs seems to have the greatest potential for 
producing a monolithic pixel detector.
1.2.1 GaAs
The use of GaAs is not limited to the field of X-ray detectors, there are a num­
ber of other areas that are looking to improve GaAs technology. Monolithic 
GaAs integrated circuits are having a broad impact on microwave signal process­
ing and power amplification. Impressive improvements have been made in the 
performance and cost effectiveness of advanced systems for military radar and 
telecommunication as well as in digital integrated circuits for ultra-high-speed 
computers. It was estimated that GaAs analogue, digital, and optoelectronic 
integrated circuits was a multi-billion dollar market for the 1990’s [16].
There are two main types of GaAs, epitaxial and bulk semi-insulating (SI) 
GaAs. There are numerous growing methods for each type, some of which are 
described in chapter 4.
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E p itax ia l GaAs
Early work with epitaxial GaAs demonstrated sufficiently high-energy resolution 
to be of interest. However, epitaxial growth is unable to produce devices of 
sufficient thickness (mm-cm) for many detector requirements. While efficient 
particle detectors can now be fabricated with this material, it still has some 
technological difficulties with surface morphology, material purity, layer thickness 
and cost. [18, 19].
A promising new growth technique for high quality GaAs is low-pressure 
vapour phase epitaxy (LP-VPE), which can achieve a growth rate of 150pm/h at 
a reasonable cost. The LP-VPE layers have a very low free carrier concentration 
(1-8 x 10^^cm“^), obtained through a combination of very pure material and a 
degree of compensation. The charge trapping effects of LP-VPE have been shown 
to be very good with no significant effects due to trapping being observed. The 
material quality is improving (i.e. the doping density is getting lower) and is 
approaching a level that could be used for a commercial X-ray detector [20, 21].
B ulk  SI G aA s
An alternative to high purity epitaxial GaAs is to use SI GaAs, which has the 
advantage of a high resistivity ( 10  ^ 0 cm) and of being available in thicknesses 
of several hundred microns [22]. Bulk GaAs material of 20 years ago was inferior 
in quality and inadequate for use as a radiation spectrometer. Due to material 
problems, research concerning GaAs as a possible detector material was discon­
tinued in the late 1970s and early 1980s. GaAs device and fabrication technology 
have matured significantly since then as a direct result of efforts in the VLSI 
industry. Reductions in impurities and native defect trap concentrations had 
to occur before large bulk GaAs room temperature detectors became a reality. 
Extensive research to improve the material quality of GaAs was motivated by 
a demand in the electronics industry. High purity bulk GaAs is now readily
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available from numerous commercial vendors [23, 19]. Compensation of the high 
resistivity material is accomplished by a balance between residual carbon shallow 
acceptor impurities with the native defect deep donor EL2.
The current status of GaAs is that high quality epitaxial GaAs detectors 
are limited by available material volume, and the performance of bulk SI GaAs 
detectors are limited by short carrier mean free drift times.
1.3 Current P ixel D etectors
Research has progressed towards two main ways in which pixellated detectors are 
fabricated. These detectors are either monolithic pixel detectors or hybrid pixel 
detectors. Monolithic pixel detectors are those in which both the detector and 
electronic elements are integrated onto a single wafer. In a hybrid pixel detector 
the detector and electronic elements are built separately on different wafers, and 
then joined together by a process called bump bonding.
There are two modes of operation for these detectors, either photon counting 
or integrating mode. For photon counting systems, electron-hole pairs created 
by the photon generate a current at a pixel that is greater than a predetermined 
threshold, this photon is then registered by a counter. Some detectors cannot 
handle a high photon flux, i.e. a large number of photons passing per unit area. 
The alternative method to avoid counting rate problems is to operate the detector 
in an integrating mode, which integrates all the charge collected at a pixel instead 
of counting individual detected photons.
For silicon hybrid detectors, pixellated Si substrates are connected to a CMOS 
(Complementary Metal Oxide Semiconductor) readout chip. These readout chips 
use p-type and n-type MOSFETs (Metal Oxide Semiconductor Field Effect Tran­
sistors) as charge switches. Many of these detectors are being produced at Cern 
for the Atlas and LHC experiments in particle physics. An advantage of this sys­
tem is that the detector and readout elements can be optimised separately. The
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detector element of the hybrid system can be optimised by using semiconductors 
with a large atomic number and can be used with existing silicon CMOS elec­
tronics. Such detectors based on GaAs and CdZnTe have already been produced 
[24, 25]. Currently GaAs pixel detectors are being bump bonded to MEDIPIX 
readout chips. MEDIPIX is a CMOS pixel readout chip working in single pho­
ton mode. The system has been able to measure lower contrast details than the 
typically used film and screen systems, and should allow an earlier diagnosis of 
breast tumor masses [6].
There are a number of advantages that monolithic detectors have over hybrid 
ones. The monolithic integration reduces parasitic elements like pad capacitances 
and bond wire inductances. A key factor affecting the performance of hybrid 
detectors is the quality of the bump bonding process. Bad bonds can result 
in poor, or sometimes non-existent, electrical contact between the detector and 
read-out pixels. Typical bond sizes are 30/im in diameter, which sets a lower limit 
to the size of a pixel [26]. For high volume production, monolithic integration 
will therefore be an attractive and cost effective solution [27]. It is also easier 
to scale up the monolithic design than hybrid designs. The size of the whole 
hybrid sensor is limited by the size of the attached CMOS chip, which have to 
be tiled. Whereas, the monolithic devices can be butted up against each other to 
produce a larger device. To minimise the dead area and allow better scale up of 
hybrid detectors, the MEDIPIX chip was redesigned. MEDIPIX II was expected 
to be finished by the end of 2000, however results using this chip have yet to be 
published.
A number of monolithic detection systems have been produced, the majority 
of which are based on silicon because of its advanced microelectronics technol­
ogy. However, the low resistivity substrates and high temperature processes for 
integrated circuits (ICs) clash with the high resistivity substrates and lower tem­
perature processes (to preserve carrier lifetimes) for detectors. The CCD (charge 
coupled device) is the most common monolithic imaging sensor. MOS CCDs
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have an excellent spatial precision, but they do have a number of drawbacks. 
The X-ray detection efficiency is low for X-ray energies above lOkeV, cooling is 
necessary to reduce dark current noise and their area is limited to only a few 
cm [26]. Another design uses Hydrogenated amorphous silicon (a-Si:H) thin film 
transistors as charge switches, while the X-rays are detected by a scintillator con­
verter. The a-Si:H detector system has already exhibited superior detection of 
large low contrast details, increased visibility of small high-contrast objects and 
a reduction in dose compared to conventional film systems [28].
1.3.1 GaAs electronics
GaAs electronics is not as advanced as for Si, mainly because Si has been the 
dominant semiconductor investigated over the last 50 years. Presently there are a 
number of GaAs based transistors such as JFETs (junction field effect transistors) 
and MESFETs (metal semiconductor field effect transistors). To improve the 
GaAs transistor, the electronic parameters community are looking to enhance the 
electron mobility in GaAs FET channels. A technique called modulation doping 
has presented a means to separate the carriers from their donors, thus, eliminating 
impurity scattering and improving the electron mobility. Dingle et al (1978) first 
discovered the enhanced electron mobility in modulation doped heterostructures. 
Many names, which relate to their properties, have been given for these devices, 
and include the High Electron Mobility Transistor (HEMT), Modulation Doped 
Field Effect Transistor (MODFET), Two dimensional Gas Field Effect Transistor 
(TEGFET) and Selectively Doped Heterostructure Transistor (SDHT) [29].
It has been predicted that significant improvements in the performance can 
be obtained by integrating GaAs front end electronics with the detector [16]. 
This improvement would be due to the reduction in noise from the front-end 
Field Effect Transistor (FET) and the reduction of the stray capacitances in the 
detector-FET configuration.
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M onolithic integration
The proposed monolithic device, to be designed and fabricated in this project, 
will use a SI GaAs substrate as both the detector element and substrate for the 
epitaxial growth of a HEMT transistor. A pixel will contain a storage capacitor 
and a HEMT. The fabrication of such a device has never been attempted before 
and will present a number of challenges. Issues, such as the optimal characteristics 
of the HEMTs and the feasibility of integrating the capacitor and HEMT onto 
the pixel detector will have to be addressed.
VbO
Vb
CdctIdari
HEMT
Cstoic
Vg
S ) signal generator
Figure 1.1: An equivalent circuit for a single pixel. Capacitor C^et represents the 
internal capacitance of the pixel, capacitor Cstore is an external capacitor, Rl is 
a load resistor, Igig and Idark ^re the induced current and dark current in the 
detector.
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Fig 1.1 shows a pixel equivalent circuit. The external capacitor {Cstore) will 
be used in conjunction with the internal capacitance {Cdet) of the pixel to store 
the charge collected at the pixel. The HEMTs will be used to switch the stored 
charge to an external data acquisition system. Maximising Cstore compared to 
Cdet will minimise the voltage swing of the pixel during image acquisition and, 
therefore, protect the HEMT from high voltages.
1.4 Thesis overview
Chapter 2 contains the background theory relevant to this project. The relevant 
radiation interactions with matter are first discussed, followed by the physics of 
semiconductor detectors in general and GaAs detectors in particular. Moving 
from detectors the basic operation of a FET was looked at, followed by a more 
detailed explanation of the physics of HEMTs.
Chapter 3 presents the charaterisation of 3 batches of HEMT devices. After 
the characterisation of the initial batch and with the aid of a simulation model, 
the HEMT structure was redesigned to be optimised for our intended application. 
A second optimisation process was done and a number of test structures were also 
fabricated at the same time. These test structures were produced to provide input 
values into the simulation model. A comparison of the revised simulation model 
with that of the old one and the experimental results was taken.
An overview of the techniques used in the fabrication and preparation of pad 
detectors is made in chapter 4. With the use of these procedures, a number of 
GaAs samples grown from different methods were fabricated. By using an Ion 
Beam Induced Charge (IBIC) technique, maps of the charge collection efficiency 
were produced for the pad detectors. Experiments performed on a hybrid device 
are detailed in chapter 5. The hybrid system was used to determine the feasibility 
of the proposed system. The fabrication and characterisation of the integrated 
pixel-HEMT system are then given.
Chapter 2
Theory
2.1 R adiation
2.1.1 Radiation types
The radiation sources discussed here will be limited to those of charged parti­
cles and electromagnetic radiation, with the charged particles consisting of heavy 
charged particles and fast electrons. For the semiconductor detector applica­
tions that we are interested in, both heavy charged particles (protons and alpha 
particles) and electromagnetic radiation (X-rays and gamma rays) are used for 
calibration and detector testing purposes.
Heavy nuclei are energetically unstable against the spontaneous emission of 
an alpha particle (helium nucleus). The alpha decay process can be written as
^ X ^ i z t Y + t a  (2.1)
where X  and Y  are the initial and final nuclear species. For each distinct tran­
sition there is a fixed energy difference (or Q-value) that characterises the decay. 
The Q-value represents the loss in rest mass energy if a decay were to happen 
and a decay process cannot occur unless the Q-value is positive. Table 2.1 shows 
some common laboratory alpha sources. The branching ratio given in Table 2.1
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Source Half life (years) Energy (MeV) branching ratio
93 3.182787 1
433 5.48574 0.85
5.44298 0.12
18 5.80496 0.76
5.762835 0.23
239p^ 2.4 xlQ4 5.1554 0.73
5.1429 0.15
5.1046 0.11
Table 2.1; List of some common laboratory alpha sources [3],
is the ratio of the probability of decay by a given decay mode to the probability 
of decay by any mode. Therefore, for alpha emitters with one decay mode (e.g.
the branching ratio will be 1 and the alpha particles will be monoener- 
getic. has two decay modes, and therefore, the alpha particles from this
source appear with two different energies with relative intensities depending on 
their branching ratio. Charged particles can be produced either by radioisotopes 
or by accelerators and both sources of charged particles have been used in this 
project.
Fast electrons from radioisotopes are produced via the decay process, 
which can be expressed as
(2 .2)
where v is the antineutrino. Most beta decays populate an excited state of 
the product nucleus, so that subsequent de-excitation gamma-rays are emitted 
together with the beta particles. Because each beta decay transition is charac­
terised by a fixed energy (or Q-value), this energy is shared in varying amounts 
between the beta particle and the neutrino. Thus, the beta particles energy range 
can vary from zero to the Q-value (or beta end point energy).
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Figure 2.1: Representation of spontaneous transitions from one state to another by 
emission of (a) a gamma ray photon, (b) a j3~ particle and (c) a n a  particle. The 
vertical distance represents the Q-value and the horizontal displacement represents 
a change in Z  and/or A.
Gamma rays are emitted by excited nuclei in the transition to a lower energy 
state. In most practical laboratory sources, the excited nuclear state is created 
in the decay of a parent radionuclide. The population of high lying nuclear states 
can occur from /5” decay and nuclear reactions, with nuclear reactions providing 
the higher gamma ray energies. De-excitation talces place through the emission 
of a gamma ray photon. A representation of the transitions from one state to 
another by emission of a 7-ray photon, and a  particle is given in Figure 2.1.
Other types of photons such as annihilation photons, bremsstrahlung and 
characteristic X-rays can also occur and often contribute to the spectrum ob­
served from various sources. In the production of annihilation photons, a positron 
that is created from Z?"** decay of a parent nucleus combines with an electron and 
the two particles annihilate, from which two oppositely directed 0.511 MeV pho­
tons known as annihilation radiation are produced. These events can produce 
monoenergetic 0.511 MeV photons from a source, and can also complicate the 
response of gamma ray detectors by the creation of ’escape peaks’.
X-rays can be produced by the deacceleration of fast electrons in materials
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and this radiation is termed bremsstrahlung. Bremsstrahlung is more commonly 
associated with fast electrons than heavy charged particles, because the lighter 
electron mass can undergo rapid changes in the direction and magnitude of its 
velocity. Bremsstrahlung is the process used in X-ray generators to produce high 
intensity low energy photons over a broad energy spectrum.
In contrast, characteristic X-rays produce monoenergetic X-ray peaks. If the 
orbital electrons in an atom are disturbed by some excitation process then the 
atom may exist in an excited state for a short time. The vacancy left in an atom 
can be filled by an electron from a higher orbital shell, and the de-excitation 
of the electron results in a characteristic X-ray, as illustrated in Figure 2.2. If a 
vacancy exists in the K  shell, a characteristic X-ray is liberated when the vacancy 
is filled. If that electron came from the L  shell, then a. K a  photon is produced, 
whose energy is equal to the difference in the binding energies between the K  and 
L shells. If the electron came from the M  shell, then a, K/3 photon is produced 
with a slightly higher energy, and so on until the maximum K  series photon is 
produced by the vacancy being filled by a free electron. Vacancies in the outer 
shells, created by filling the K  shell, are filled with the emission of series
characteristic X-rays.
2.1.2 Radiation interactions 
Heavy charged particle interactions
Heavy charged particles interact with orbital electrons through the Coulomb 
forces between their positive and negative charges, respectively. Interactions 
between the charged particles and the nuclei are rare and therefore do not add 
significantly to the response in radiation detectors. The charged particles interact 
simultaneously with many electrons on entering an absorbing material, and these 
electrons can either be excited to a higher shell or ejected from the atom (ion­
isation). Electrons leaving an atom can, with a sufficient kinetic energy, cause
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Figure 2.2: Illustration of how characteristic X-rays are formed by electrons filling 
vacancies in the shell below.
further ionisation, these are sometimes called Delta rays. With each interaction 
the charged particle loses energy to the electrons, and thus sees a decrease in its 
velocity. The linear stopping power 5  of a charged particle, in a given absorber, 
is the energy loss (dE) per unit length {dx) travelled by the charged particle
dE (2.3)
where —dE /dx  is also called the specific energy loss. A plot of the specific energy 
loss along the track of a charged particle (Figure 2.3) is known as the Bragg 
curve where the particle range is represented by the point where —dE /dx  drops 
to zero. The variation of —dE /dx  with both the particle and the absorbing 
material properties, for non-relativistic particles, is described by the Bethe-Bloch 
equation:
dE  _  A^e^z^ 
dx tuqv'^ -NB (2.4)
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Figure 2.3: The specific energy loss along an alpha track [3]
where
In 2moV
2-1
(2.5)
Here v and % are respectively the velocity and charge of the primary particle, e 
is the electronic charge, N  and Z  are the number density and atomic number of 
the absorber atoms, mg is the electron rest mass and I  represents the average 
excitation and ionisation potential of the absorber. B  varies slowly with particle 
energy, and therefore, the behaviour of the specific energy loss as a function of 
velocity is inferred from the multiplicative factor of equation 2.4. For a non- 
relativistic particle, such as a slow electron or a heavy charged particle, dE/dx 
varies as l/v%, at a low velocity a charged particle spends a greater time in the 
vicinity of an electron, so a larger energy transfer to the electron occurs. From 
equation 2.4 it can also be seen that particles with a greater charge will have a 
greater specific energy loss, assuming the particles have the same velocity. The 
electron density of an absorber is represented by the product N Z , and is useful 
when comparing different materials as absorbers. A higher linear stopping power 
will be seen from materials with a high density (higher atomic number).
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Fast e lec tron  in teractions
Fast electrons have a greater deviation in their path and can lose a large fraction 
of energy in a single interaction when compared to heavy charged particles. Elec­
trons also differ in that they can lose energy by radiative means (bremsstrahlung) 
as well as coulomb interactions. Therefore the total stopping power for electrons 
is the sum of the collisional and radiative losses
For many different types of highly energetic charged particles the stopping power 
approaches a near constant broad minimum at energies above several hundred 
MeV, where their velocities approach the velocity of light. Because of the similar 
energy loss behaviour, these particles are called ’minimum ionising particles’. The 
low mass of electrons results in relativistic velocities at low energies, therefore, 
even at these low energies (^  1 MeV) they are minimum ionising.
X- and  7-ray  in terac tions
There are a number of ways in which an X-ray or gamma ray interacts with 
matter. Photons can be scattered or completely absorbed leading to the partial 
or full transfer of the energy of the photon. The three main interactions are the 
photoelectric effect, Compton scattering and pair production. The photoelectric 
effect involves the ejection of a photoelectron by the atom after it absorbs a 
photon. Compton Scattering is the scattering of photons by free electrons. Pair 
production involves the absorption of a photon, in the electric field of a nucleus, 
resulting in the creation of an electron-positron pair [30].
For the photoelectric effect, the most probable origin of the electron is the 
K shell of the atom. The photon loses all its energy in the process of ejecting a 
photoelectron, the energy of which is given by
E^~ = hv — Ef, (2.7)
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where h is Planck’s constant, v is the frequency of the photon and Ei, is the 
binding energy of the photoelectron in its shell.
A rough approximation of the probability of photoelectric absorption per atom
is
2;n
(2.8)
7
where a  is a proportionality constant, n  varies between 4 and 5 and Ery is the 
energy of the X-ray [3]. This severe dependence on Z  shows that semiconductors 
with a high atomic number are necessary to maximise the photoelectric absorp­
tion probability and are therefore chosen as materials for X- and 7-ray detectors.
Absorption edges in the photoelectric absorption cross-section, such as those 
shown for GaAs in Fig 2.4, appear at photon ray energies that correspond to the 
binding energies of electrons in the various shells of the absorber atom. For pho­
ton energies just below the binding energy of the AT-shell electron, no photoelec­
tric interaction can occur and hence the interaction probability drops abruptly. 
Similar absorption edges occur with the other electron shells at lower energies.
Compton scattering is the process by which a photon scatters from a free 
atomic electron, resulting in a less energetic photon and a scattered electron 
carrying the energy lost by the photon. An illustration of Compton scattering is 
given in Figure 2.5. Using conservation of energy and momentum, the relation 
between energy transfer and scattering angle is given by
where hv is the initial photon energy, hv' is the scattered photon energy, rrioC^  is 
the rest mass energy of the electron and 6 is the angle of the scattered photon. 
The probability of Compton scattering per atom of the absorber will increase lin­
early with Z, because the photon will have more electrons available as scattering 
targets.
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Figure 2.4: Energy dependence of the photoelectric effect (r), Compton scattering 
(a) and pair production (n) processes in GaAs
Pair production can occur when the photon energy exceeds twice the rest mass 
energy of an electron (1.02 MeV). The interaction talces place in the Coulomb field 
of a nucleus, where a photon creates a electron-positron pair, and is annihilated 
in this process. Any excess energy, above the rest mass, goes into kinetic energy 
shared by the electron and the positron. Both the electron and positron only 
travel less than a few millimetres in the target material before stopping. The 
subsequent annihilation of the positron will result in two annihilation photons. 
The annihilation photons are more penetrating compared with the range of the 
positron, and can lead to the deposition of energy far from the original positron 
track.
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Figure 2.5: Illustration of Compton scattering [3]
The linear attenuation coefficient p  is the probability per unit path length 
that a photon will be absorbed.
I - f i x (2 .10)
This is used to describe the fraction of photons that are transmitted through 
material of thickness x, where I  and Iq are the transmitted and initial photon 
intensities respectively. In general fi is the sum of the three separate linear at­
tenuation coefficients for the photoelectric (r), Compton (a) and pair production 
(k) interaction processes, given in equation 2.11.
p = T + cr fi (2 .11)
Sometimes the mass attenuation coefficient {p/p, where p is the density) is used 
because the attenuation coefficient varies with the density of the absorber.
The relative importance of the three processes described above for different 
absorber materials and photon energies is shown in Fig 2.6. The curve on the 
left gives the energy at which the photoelectric effect and the Compton effect are 
equally probable as a function of Z. The one on the right gives the energy for 
which Compton scattering and pair production are equally probable.
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Figure 2.6: The relative importance of the 3 major types of photon interaction. 
The lines show the values of atomic number and photon energy for which the two 
neighboring effects are just equal [3].
Absorbed dose
Exposure of semiconductor detectors to radiation can significantly alter the char­
acteristics of these devices. Since some radiation detectors are designed to operate 
in radiation harsh environments for up to ten years, it is desirable to measure 
what effect this will have on materials. The energy absorbed from any type of 
radiation per unit mass of the absorber is defined as the absorbed dose, the SI 
unit for which is 1 J/K g or 1 gray. The absorbed dose is usually given in grays 
or rads, where
IGy = lOOrad (2 .12)
Two different materials receiving the same radiation exposure, will absorb differ­
ent amounts of energy. Therefore, the absorbed dose is a useful measure of the 
physical effect of radiation. The absorbed dose, per unit, exposure for materi­
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als with greatly differing atomic number, will be different partly because of the 
differing importance of the various radiation interaction mechanisms.
2.2 D etector physics
For this project semiconductor detectors are being developed for the detection 
of radiation. The aim of the following section is to explain some of the physical 
principles behind semiconductor detectors and some of the parameters used to 
characterise them.
2.2.1 Semiconductors
The periodic lattice of crystalline materials establishes allowed energy bands for 
electrons that exist within the solid. The valence band corresponds to outer 
shell electrons that are bound to specific lattice sites and the conduction band 
represents electrons that are free to move through the crystal. The two bands 
are separated by a bandgap Eg, where no electron levels exist. The bandgap is 
the difference in energy between the lowest point in the conduction band and the 
highest point in the valence band, see Figure 2.7.
In a pure or intrinsic semiconductor the number of electrons in the conduction 
band would equal the number of vacancies in the valence band. However, most 
semiconductors have residual impurities or are intentionally doped. Impurities 
can behave as donor or acceptor impurities. For donors, the donor electron is only 
lightly bound to its impurity site and will have an energy near the conduction 
band, see Figure 2.7. Thermal excitation is sufficient to elevate the majority of 
donor electrons to the conduction band. For a material with a majority concen­
tration of donors, the number of conduction electrons out numbers the holes and 
creates an n-type semiconductor material. The vacancy created by an acceptor 
impurity less firmly attaches an electron than a normal valence electron. The 
acceptor levels therefore lie near the valence band, see Figure 2.7. For a material
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Figure 2,7: Representation of the band structure for a semiconductor with donor 
and acceptor levels.
with a majority concentration of acceptors, the number of holes outnumber the 
number of conduction electrons and creates an p-type semiconductor material.
For our photon energy range of interest (10-100 keV), the photoelectric effect 
is the dominant interaction process. The overall effect of the photon passing 
through the semiconductor is the production of many electron-hole pairs. The 
hole represents a net positive charge and when in the presence of an electric field 
it will move in the direction of the field, opposite to that of the electron. The 
energy required to make one electron-hole pair is called the ionisation energy or 
W-value. The ionisation energy varies with material, values are given in Table 
2.2 for a number of semiconductors.
The probability per unit time p{T) that an electron-hole pair is thermally 
generated is given by
p{T) = C T ^ I ^ e x p { ^ - - ^ )  (2.13)
where C is a proportionality constant, T  is the temperature, Eg is the bandgap en­
ergy and k is the Boltzmann constant. Therefore, materials with a high bandgap
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energy will lead to a lower number of thermally generated electron-hole pairs. 
However, charge carrier concentrations are still too high to be able to distinguish 
the electron-hole pairs created by ionising radiation. To reduce the concentration 
of the electrons and holes in the semiconductor material, depletion regions are 
used. One method of producing a depletion region is to use a semiconductor p-n 
junction.
2.2.2 Diode detectors
Diode detectors utilise the rectifying nature of a semiconductor p-n junction 
to form an active depletion region through the entire detector thickness. A p- 
n junction is formed when n-type and p-type regions exist in a semiconductor 
material. Regions that have a particularly high carrier concentration will see 
a diffusion of this carrier type to a region where it has a lower concentration. 
Thus, the electrons will diffuse to the p-type region and will then combine with 
the holes, a similar process will also occur with the diffusion of the holes into the 
n-type material.
The diffusion of conduction electrons out of the n-type material leaves behind 
immobile positive charges in the form of ionised donors. A similar argument can 
be made for the diffusion of the holes which leaves behind immobile negative 
charges in the p-type material. The build up of net charge within the region 
of the p-n junction causes an electric potential difference across the junction. 
The value of the potential (p at any point can be found by solution of Poisson’s 
equation
V V  =  (2.14)
where e is the dielectric constant of the medium, and p is the net charge density. 
The electric field E  in the depletion region will be the gradient of the potential, 
and for the one dimensional case, it is given by
=  (2A5)
CHAPTER 2. THEORY  37
At equilibrium in the p-n junction, the diffusion current for each carrier type is 
equal to its respective drift current due to the electric field, and the net current 
flow across the p-n junction is zero. A region that is completely depleted of 
any charge carriers called a depletion region is created. It extends into both the 
n and p-type regions, with the concentration determining the diffusion length. 
From equations 2.14 and 2.15, it can be seen that the electric field will depend 
on the net charge density in the depletion region. For the detectors we are 
interested in the net charge density is influenced by the impurities present in the 
semiconductor material.
The width of the depletion region increases as the reverse bias voltage in­
creases, see Figure 2.8. If the voltage can be increased far enough, the depletion 
region eventually extends across the entire thickness of the wafer, resulting in a 
fully depleted detector. The thickness d of the depletion region is given by
where e is the dielectric constant of the medium, V  is the reverse bias voltage, 
e is the electronic charge and N  is the net impurity concentration in the bulk 
semiconductor material. From equation 2.16, thick depletion regions can only 
be obtained by starting with a semiconductor material with the lowest possible 
impurity concentration. Therefore the large number of donors and acceptors in 
a p-n junction will limit the width of the depletion region.
At low to moderate electric field values, the electron and hole drift velocity 
Ve^ h is proportional to the applied field and is given by
Ve,h =  lJ'e,hE (2.17)
where pe,h is the charge carrier mobility. However, at high electric field values, 
the drift velocity increases more slowly with the field and eventually saturates, 
see Figure 2.9.
When a sufficiently large reverse voltage is applied, the detector breaks down 
and conducts a very large current. There are two main mechanisms that are re-
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Figure 2.8: Diagram of depletion layer width and energy bands of a p-n junction 
under various biasing conditions, (a) thermal equilibrium, (b) forward bias and 
(c) reverse bias [31].
sponsible for this break down, the tunnelling effect and avalanche multiplication. 
Tunnelling occurs as a result of a high electric field ( 10®V/cm), which enables 
electrons to make the transition from the valence band to the conduction band. 
The other breakdown mechanism, avalanche multiplication, is also due to a high 
electric field. If the electric field is high enough a thermally generated electron 
can gain enough kinetic energy (K.E) to create an electron hole pair when it 
collides with an atom. This electron and hole can gain K.E from the electric field 
and go on to create more electron hole pairs, and so on. Avalanche multiplica­
tion imposes an upper limit on the reverse bias for most diodes [31]. Also at high 
biases, the surface leakage current can be sufficient enough to cause breakdown, 
hence, pad detectors are typically fabricated with guard rings.
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Figure 2.9: Drift velocity versus electric field for several semiconductors at 300K
2.2.3 Detector contacts
A p-n junction is often fabricated using metal-semiconductor contacts, the semi­
conductor devices used in this project utilise these contacts. Typically a detector 
uses an ohmic (non-rectifying) contact on the rear surface and a Schottlcy (rec­
tifying) contact on the front. The two contact types are distinguished by their 
different current-voltage (IV) characteristics. Schottky contacts have a rectifying 
I-V characteristic whereas ohmic contacts have a linear I-V characteristic.
Schottky contacts
There are two requirements that determine a unique energy band diagram for the 
ideal metal-semiconductor contact. When a metal makes intimate contact with 
a semiconductor, the Fermi levels in the two materials must be equal at thermal 
equilibrium and the vacuum level must be continuous. Figure 2.10 shows the 
electronic energy relations at an ideal contact between a metal and an n-type 
semiconductor. From the left of Figure 2.10 the metal and n-type semiconductor
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Figure 2.10: The formation of an ideal Schottky contact between a metal and a 
n-type semiconductor [31].
are not connected and are therefore not in thermal equilibrium. Next, connecting 
the metal to the semiconductor allows charge to flow from the semiconductor to 
the metal and enables thermal equilibrium to be established, the Fermi levels 
on both sides line up. The semiconductor Fermi level is lowered, relative to 
the metal Fermi level, by an amount equal to the difference between the two 
workfunctions. The workfunction is defined as the difference in energy between 
the vacuum level and the Fermi level. The semiconductor workfunction is equal 
to q{x + Ki)j where qVn is the energy difference between conduction band and 
the Fermi level, and the electron affinity qx is the energy difference between the 
bottom of the conduction band to the vacuum level. The potential difference or 
the built in potential is given by
^bi — q]>m ~  q{x +  Ki) (2 .18)
where q(f>m is the metal workfunction. As the distance d decreases, an increasing 
negative charge is built up at the metal semiconductor surface. An equal positive 
charge exists in the semiconductor. The positive charge is distributed over a 
barrier region near the semiconductor. When S is comparable to inter atomic 
distances, the gap becomes transparent to electrons. Therefore the barrier height
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for electrons moving from the metal to semiconductor is given by
=  q{]>m -  x) (2.19)
From equation 2.19 it can be determined that the barrier height only depends 
on the metal workfunction and the electron affinity, but is independent of the 
doping density. So choosing different metals for contacts can vary the barrier 
height. Typical values for on GaAs are around 0.70-0.80V [32].
Ohmic contacts
With an ohmic contact, the region at the interface has a high concentration of 
majority carriers and a negligible contact resistance relative to the bulk of the 
semiconductor. It is preferred that ([m < ]>s Ibr ohmic contacts so that electrons 
experience the least barrier into or out of the semiconductor.
A good ohmic contact is deemed to have a low contact resistance. The con­
tact resistance is characterised by several quantities, the contact resistance (H), 
the specific contact resistivity, pc {ü.crri^) and the specific interfacial resistivity 
pi {Ü.crri^). The specific contact resistivity includes the metal-semiconductor 
interface and the regions immediately above and below the interface, while the 
specific interfacial resistivity refers to the metal-semiconductor interface only, p  ^
is independent of contact area and is a convenient parameter when comparing 
contacts of various sizes. The specific interfacial resistivity for field emission is
Pi oc e x p { ^ )  (2.20)
where N  is the doping density under the contact. Field emission is the conduction 
mechanism when the barrier is sufficiently narrow for electrons to directly tunnel 
through it. Equation 2.20 shows that N  should be as high as possible for the 
lowest pi.
The Transfer Length Method (TLM) is one experimental method of deter­
mining the contact resistance and specific contact resistivity. It uses 8 contacts
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of the same dimensions but with different spacings between each contact, shown 
in Figure 2.11. The total resistance between two contacts is ^ven by.
R t  = ~  4- 2L t) (2 .21)
where ps is the sheet resistance, Z  is the contact width, Rc is the contact resistance 
and Lt  is the transfer length. The total resistance Rt  is measured for various 
contact spacings d. R t  is plotted as a function of d, from which three parameters 
can be extracted. The slope of this plot gives pg, the intercept at d =  0 gives 
Rc and the intercept at R t  ~  0 can be used to calculate pi. The transfer length 
is thought of as the distance over which most of the current transfers from the 
semiconductor into the metal or from the metal into the semiconductor, and is 
given by
Lt = ( —Y ^  (2.22)^Ps 1
A plot of R t  vs d, will yield a gradient of PajZ., the intercept at d =  0 is 
R t  =  2Rc and the intercept at R t  — 0 gives —d =  2 L t  [33].
2 4 6 10 15 25 50um
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Figure 2.11: Diagram of a TLM structure where contacts of identical size are 
separated by different distances.
Current-Voltage relation
The current-voltage relation for an ideal Schottky contact, under thermionic emis­
sion, can be expressed as
I  — A A * T '^e~ ^[e^  — 1] (2.23)
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or
I  = I , { e ^ ~ l )  (2.24)
where
I, =  A A 'T ^ e ^  (2.25)
where Ig is the saturation current, V  is the applied bias, A* is the effective
Richardson constant, n is the ideality constant, A  is the area of the Schottky
contact, q is the electronic charge, T is the temperature, k is the Boltzmann 
constant and is the barrier height. The standard way to determine the barrier 
height of a Schottky contact is to plot In I  vs V  for reverse biases, from the 
following equation
In l =  ~  (2.26)
The saturation current can be obtained from the intercept of this plot. With the 
saturation current known, the barrier height can then be obtained by rearranging 
equation 2.25 so that
ÿB =  y i n ( ^ i ^ )  (2.27)
At high voltages, a plot of In l vs V  deviates from a straight line due to the 
series resistance of the semi-insulating substrate. Norde [34] presented a method 
for extracting the barrier height by avoiding the problem of the series resistance 
R. This is the case for the ideality factor, n =  1. A function F{y) is defined as,
=  (2.28)
Assuming V  »  kT/q, then from equations 2.28 and 2.24
F{V) =  -f IR  — — (2.29)
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Figure 2.12: Calculated plots of F (V) and F jiiy) from equations 2.29 and 2.80, 
respectively, with ^B=0.79eV, A ~ lcn ? , A* =  120A(°C'cm^)“ ^,T =  20°C [Sf].
In the ideal case where jR =  0, FfV)  is a straight line with a slope =  -1/2 and the 
extrapolated intercept with the F{V) axis gives the barrier height However, 
when there is only a series resistance present, we get
F { V )  -  F„(V) - j - (2.30)
For large voltages this will approach a straight line with slope=l/2. In Figure 
2.12 calculated curves of F (y )  and Fr {V) are shown for different values of series 
resistance.
A plot of F{V) vs V  will produce a minimum between the two extremes of 
when i î  =  0 and when there is only a series resistance, with a minimum voltage 
and current of Vo and lo, respectively. The barrier height and series resistance
CHAPTER 2. THEORY  45
are given by
(/)B = E{Vo) -P ------- (2.31)z q
IcTR = ^  (2.32)q-^ o
2.2.4 Induced charge
The electrons and holes created by an ionising radiation event in a semiconductor 
detector will drift in the applied electric field, creating an induced charge at the 
detector contacts which is proportional both to the distance travelled by the 
carriers and to the energy deposited in the detector [3, 23]. The charge induced 
(Q) by a charge carrier {q) travelling a distance in a uniform electric field and 
parallel to the field direction is given by Ramo’s theorem
where W  is the detector thicl^ness and x  is the distance required to move a carrier 
from its origin to its collecting electrode, [35].
Using equation 2.33, the induced current produced by the motion of electrons 
and holes in an uniform electric field can be expressed as
where e is the electronic charge. No  is the initial number of electron hole pairs 
and Ue,/i is the charge carrier velocity.
The effects of trapping and recombination can cause the induced charge to be 
less than the charge initially created, if the charge carriers do not travel across 
the full width of the detector, equation 2.34 then becomes
dQ eNo f — t^(^) =  - ^  =  [Veexp j^— J +  Vhexp j  (2.35)
CHAPTER 2. THEORY 46
where Te and are the mean free drift times of the electrons and holes respectively 
By integrating equation 2.35 over the carrier extraction times te,ft? the induced 
charge is given by
Q =  ^ ^ (v e T e ( l  -  exp  ^ -  exp (2.36)
Assuming the radiation interaction location takes place at a distance Xi from the
holes electrons
electric field
+ve-ve
Figure 2.13: Operating configuration for a planar semiconductor detector
Schottky contact, see Figure 2.13, then the extraction times become
f W - X j
Vh
By placing equations 2.37 and 2.38 into equation 2.36 gives,
% -  W — X i
(2.37)
(2.38)
) )  (2-39)
The above is the Hecht relation, which describes the effect of charge transport, 
in which the induced charge Q is a function of interaction position assuming
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that the charge carrier velocities and the mean free drift lengths of the charge 
carriers can be defined by single values (7). Equation 2.39 can also be expressed
in terms of the carrier mean free drift length A, by using equation 2.17 and 2.40
— '^ e,hX'e,h (2.40)
To obtain a high value for the induced charge, it is desirable to have high values 
for the carrier mobility, mean free drift time and the electric field.
The charge collection efficiency (CCE) is defined as the ratio of measured 
charge collected Q to the charge deposited Qo
CCE(%) =  ^  X 100 (2.41)
The CCE is a very important parameter in determining the quality of detectors. 
From the above it can be seen that the CCE is increased by maximising the 
charge collected. Hence, for a high CCE a high mobility, mean free lifetime for 
its carriers and a high electric field are desired.
2.2.5 Energy resolution
In radiation spectroscopy the object of radiation detectors is to measure the en­
ergy distribution of the incident radiation. The energy resolution is a measure of 
the peak width, of the energy distribution, obtained in a pulse height spectrum. 
The energy resolution is defined as the full width half maximum (FWHM) divided 
by the position of the pealc centroid (Hg), where the FWHM is the width of a 
distribution that is at a position of half the maximum peak height, Figure 2.14 il­
lustrates this. It is favourable to have as small a FWHM as possible, therefore the 
smaller the energy resolution the better the ability of the detector to distinguish 
between two close peaks. For an ideal detector the width of the distribution will 
approach a sharp spike or mathematical delta function. Imperfect energy reso­
lution can result from noise in the detector system and the random fluctuation 
of electron-hole pairs produced from event to event. In a wide range of detector
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Figure 2.14: Definition of detector resolution [3]
applications, the statistical noise is the dominant source of noise. The statistical 
noise comes from the fact that the number of carriers is discrete and is subject 
to random fluctuations. The limiting resolution due to statistical fluctuations is 
given by
F W H MRli 2.35V n (2.42)
where N is the total number of charge carriers. Therefore, from equation 2.42, 
for an improved energy resolution the number of carriers should be as large as 
possible. The observed statistical fluctuations in semiconductors are smaller than 
expected if the formation of the charge carriers were a Poisson process. The 
Poisson model would hold if all the events along the track of the ionising particle 
were independent and would predict that the variance in the total number of 
electron-hole pairs should be equal to the total number produced. The Fano 
factor (F) is introduced as an adjustment to relate the observed variance to the 
Poisson predicted variance:
observed statistical varianceF  = E /e (2.43)
CHAPTER 2. THEORY  49
For good energy resolution, one would like the Fano factor to be as small as 
possible.
2.2.6 Current Semiconductors
Constraints of low bandgap energies and a low atomic number for Si have led 
to research into semiconductor materials other than Si or Ce. From equation 
2.13, a low Eg can be seen to increase the probability of the thermal generation 
of carriers. Thus, to reduce this leakage current, either the Si or Ge must be 
cooled or a material with a higher bandgap must be used. A comparison of the 
properties of some semiconductors currently being used as radiation detectors 
can be seen in Table 2.2.
The high bandgaps of CdZnTe and Hgig mean that not only can these ma­
terials be operated at room temperature (RT), but also at temperatures above 
RT. CdZnTe can operate reliably at temperatures up to 50°C, this temperature 
stability allows for remote sensing [36]. However, there is a trade off between 
reducing the leakage current or having a better energy resolution. As mentioned 
previously, to have a good energy resolution the number of electron-hole pairs 
created from a radiation interaction should be as large as possible. For this 
to happen, the ionisation energy and, therefore, the bandgap should be small. 
Where CdZnTe will have a much lower leakage current at RT when compared to 
Si, its energy resolution will not be as good. When considering thermal genera­
tion of carriers and the number of carriers produced, studies have indicated that 
the optimum band gap for a semiconductor detector should be between 1.4 and 
1.5eV [7, 8, Ij.
The detection efficiency as a function of photon energy for several semicon­
ductors is given in Figure 2.15. The high Z dependence for the photoelectric 
absorption probability, shown in equation 2.8, means that semiconductors with a 
high atomic number will have a greater detection efficiency. The Hecht relation, 
equation 2.36, shows that the efficient charge collection from a device requires
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large mobility values and long carrier lifetimes. However, from Table 2.2 it can 
be seen that Si has low carrier mobility, but its large carrier lifetimes and the use 
of high electric fields lead to a high CCE.
100
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Figure 2.15: The variation in X-ray detection efficiency as a function of photon 
energy for silicon, gallium arsenide and cadmium telluride.
Problems with material purity and charge trapping seem to be prevalent in 
all of the mentioned compound semiconductors. A full review of room tempera­
ture semiconductor radiation detectors can be found by D. S. McGregor and H. 
Hermon [23].
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Material Atomic 
no. {Z)
Bandgap
(eV)
Ionisation
energy
(eV)
Mobility 
{cm^/V — s)
Carrier 
lifetimes (s)
e h e h
Si 14 1.12 3.61 1500 450 10-4 10-4
Ge 32 0.72 2.98 3900 1900 10-4 10-4
GaAs:
epitaxial
bulk
31/33 1.42 4.3 8500 400
10-8 - 10-9
4 X  10-6
CdZnTe 48/30/52 1.53-1.64 5.0 1350 120 10-6 2 X 10-f
CdTe 48/52 1.52 4.43 1000 80 10-6 10-6
Hgl2 80/53 2.13 4.3 100 4 7 X 10-6 3 X 10-6
InP 49/15 1.35 4.2 4600 150 - -
Table 2.2: Properties of current semiconductors used for radiation detection.
2.3 GaAs radiation detectors
2.3.1 Material quality
There are a number of traps present in SI GaAs, where carbon is the dominant 
shallow acceptor and EL2 is the dominant deep level donor. EL2 is a structural 
defect and is most usually associated with the arsenic AsGa anti-site [18]. SI 
GaAs is actually produced through a compensation of the shallow acceptors by 
the EL2 deep donors. The EL2 defect is a deep level double donor. The level at 
0.75eV above the valence band corresponds to the neutral charge state, while the 
level at 0.54eV above the valence band corresponds to the positive charge state 
[37].
The concentration of EL2 traps can significantly affect the characteristics of 
SI GaAs detectors. This is because the energy level of the EL2 trap varies with 
the Fermi level, thus, the band bending around a Schottky junction will cause 
the charge state to vary. The degree of band bending depends on the applied
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bias and therefore the state of charge of the trap will depend on the applied bias, 
see Figure 2.16. It is assumed that in the reversed bias junction, of Figure 2.16, 
all deep donor levels above the n quasi-Fermi level will be empty (positive ions), 
and those below the n quasi-Fermi level will be filled (neutral). By increasing the 
reverse bias, the region of deep level ionisation extends further into the bulk [19].
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Figure 2.16: With no reverse bias (a), the contact potential cause high ionisation 
of the deep donors, such that a considerable space charge region appears near the 
Schottky contact. When a reverse bias is applied (b), the region of high deep 
donor ionisation extends further into the material. The neutral (or filled) deep 
donors are represented by •, the ionised deep donors (-hve charge) are represented 
by -h, and the ionised shallow acceptors (-ve charge) are represented by o. [19]
Liquid-encapsulated (LEC) SI GaAs is currently the common growth method 
of bulk SI GaAs material used in detector fabrication. The concentrations of 
EL2 traps in this material have been measured to be ~  lO^^cm'^. However,
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a promising new growth technique vertical gradient freeze (VGF) provides bulk 
material with a lower EL2 concentration of lO^^cm-^ [38, 39].
2.3.2 Electric field
McGregor et al (1994) have proposed a simple electric field model that has one 
type of shallow acceptor, deep acceptor, shallow donor, and deep donor present 
in the band gap, and is given by
^ ^  =  f w w  -  ^oT W  +  ^ dd(^) -  -  n{x) +  p(rc)) (2.44)dx €3
where is the shallow donor concentration, TV” is the shallow acceptor concen­
tration, is the ionised deep donor concentration, is the ionised deep ac­
ceptor concentration, n  is the electron concentration, p is the hole concentration, 
q is the electronic charge and 63 is the dielectric constant of the material. For the 
intrinsic or perfectly compensated semiconductor {Na =  and N a a  ~  ^ d d ) ,  
the net space charge in the detector will be zero. Equation 2.44 predicts a con­
stant electric field that extends the full width of the detector and increases with 
applied bias.
However, GaAs has a large number of deep level donors and is not perfectly 
compensated. Assuming »  N aa and N a »  N^. The solution of equation 
2.44 results in a non-uniform ionisation distribution and an electric field distri­
bution with two distinct regions. As shown in Figure 2.16 the deep donors will 
be ionised at the Schottky contact and this ionisation will extend further into 
the bulk with increasing reverse bias. The electric field decreases rapidly from 
the Schottky contact, until, at the region where the deep donors are no longer 
fully ionised the electric field decreases less rapidly. This model has been found 
to accurately demonstrate the perturbation of the electric field for SI GaAs [19]. 
However, this model does not account for observed pulse height characteristics. 
The case in which the deep donors experience both field enhanced capture and 
emission, accurately produces results for the electric field and pulse height curves
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that are seen from experimental measnrements.
2.3.3 Summary of GaAs
The high concentrations of various electron and hole traps in the bandgap cause 
the carrier lifetimes to be short, typically of the order of nanoseconds. The 
concentration of EL2 throughout the bulk GaAs material has been shown to be 
not uniform, or inhomogeneous [40]. As a result of this the resistivity of SI GaAs 
is also inhomogeneous [40, 41, 42]. Attempts to reduce the EL2 concentration 
and maintain a high resistivity have been made difficult due to the concentration 
of native acceptors.
The electric field distribution has been found to have two distinct regions, 
an active and a dead one. This is due to the variable space charge created by 
the ionisation of EL2. Charge carriers created by ionising particles entering the 
high electric field region near the Schottky contact experience a much higher 
field strength than if created near the ohmic contact. The inefficient charge 
collection near the ohmic contact results in a poor energy resolution [19, 51]. 
Mapping studies of SI GaAs material has shown it to be inhomogeneous, with 
large variations in the CCE across the wafer [40, 41, 42]. Table 2.3 shows values 
for the CCE and energy resolution reported in the literature.
As the depletion width increases with bias, the GaAs devices become fully 
active (when the electric field reaches the ohmic contact), but breakdown occurs 
at this point. It is thought that this is due to hole injection at the ohmic contact
[13].
The signal from SI GaAs detectors operated for ten years of LHC running 
is likely to fall by a factor of two from its initial value, with no change in bias 
voltage. The increase in reverse bias leakage current, around a factor of three, 
is much less than the corresponding change in silicon detectors [15]. SI GaAs 
detectors have been shown to withstand doses of up to lOOMrad of gamma 
rays [43]. The leakage current variations due to the irradiation of GaAs detectors
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Reference CCE (%) Energy resolution (%) comments
Bencivelli [45] 54-92 3-16 Both epitaxial (120/im) 
and SI GaAs (600/im) 
used with the epi-GaAs 
showing superior performance
Bertuccio, 1997 [46] 100 1.13 5/im epitaxial GaAs
Bertuccio, 1996 [47] 92 28.2 100/zm SI LEC GaAs
Necas [48] 82 13-16.4 200)um SI LEC GaAs
Holland [49] 70 7.5 m p r n  SI LEC GaAs
Table 2.3: Comparison of CCE and energy resolution reported in the literature.
with IMeV neutrons, 24GeV/c protons and 300MeV/c pions have been shown to 
be slight, but there is a substantial fall in the CCE. The reduction in CCE has 
been shown to be due to the trapping of both electrons and holes. It has been 
found that the reduction in CCE with fluence occurs at a greater rate for pions 
and protons than for neutrons [44].
2.4 Field Effect Transistors
2.4.1 Introduction
The proposed monolithic device will be operated in an integrating mode, inte­
grating all the charge collected at a pixel instead of counting individual photons. 
The readout electronics associated with pixel detectors use Field Effect Transis­
tors (FETs) to control the charge acquisition and readout in each pixel.
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Figure 2.17: Variation in depletion layer width and output characteristics of a 
JFET under various biasing conditions, (a) Vg=0 and small Vd, (h) Vq=0 and 
at pinch-off, (c)Vq=0 and post pinch-off (Vd > VosaJ, (d) Vg = -1 V  and small 
Vd [31]
2.4.2 FETs
The p-n junction (see section 2.2.2) is the basic building block for FETs. A 
junction field-effect transistor (JFET) works by using the depletion region of one 
or more reversed biased p-n junctions to control the cross-sectional area available 
for current flow.
The JFET has a conductive channel, two ohmic contacts and one Schottky 
contact. One ohmic contact is called the source and the other is the drain. When 
a positive bias is applied to the drain, electrons flow from the source to the drain. 
The source therefore acts as the origin of the carriers and the drain acts as a sink.
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The Schottky or gate contact controls the current flow between the two ohmic 
contacts.
The variation of depletion layer width and output characteristics of a JFET 
is shown in Figure 2.17. When Vd is small, the current varies linearly with 
the drain voltage, see Figure 2.17 (a). For any given drain voltage, the voltage 
along the channel increases from zero at the source to Vd at the drain. As Vd is 
increased, the upper and lower gate junctions become increasingly reverse biased 
towards the drain end, and the average cross-sectional area for current flow is 
reduced because of the increasing depletion regions. When the source and drain 
are just completely separated by a depletion region this is called pinch-off, see 
Figure 2.17 (b), this is also the point where the current saturates. By increasing 
Vd the pinch-off point begins to migrate towards the source, see Figure 2,17 (c). 
However, as Vd is increased the potential in the channel remains at VDsat, so the 
current becomes independent of Vd.
The operation of a MESFET (metal-semiconductor field-effect transistor) is 
identical to that of a JFET. Where the JFET uses a p-n junction for the gate 
electrode, the MESFET uses a metal-semiconductor Schottky contact. All these 
devices are unipolar devices, which means that carriers of only one polarity are 
used, GaAs being typically used because of its high electron mobility.
A High Electron Mobility Transistor (HEMT) is very similar to a MESFET, 
but there are some differences. In MESFETs the gate is placed directly onto 
the n-channel, whereas HEMTs have a wide bandgap material in between the 
n-channel and the gate. A problem with MESFETs is that the electrons in the 
n-channel scatter with the ionised donors also in the n-channel, thus reducing the 
mobility of the electrons. However, HEMTs use a technique called modulation 
doping which separates the electrons from their donors.
2.4.3 Fundamentals of HEMTs
A typical HEMT structure used in this project is shown below in Fig 2.18. The
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Figure 2.18: The layer structure of the HEMT devices being produced at Sheffield
principle behind the HEMT is to use alternating layers of, for example, AlGaAs 
and GaAs. For this arrangement, the high band gap material (AlGaAs) is highly 
doped enabling the excess of electrons to diffuse into the lower band gap material 
(GaAs). As long as the donor energy is larger than the conduction band energy 
of the smaller bandgap material, the electrons diffuse into the smaller bandgap 
material. The electrons fall into a potential well at the conduction band disconti­
nuity at the GaAs/AlGaAs interface where they form a two-dimensional electron 
gas, see Figure 2.19.
The electrons in the GaAs have a reduced impurity scattering because the 
ionised donors are left in the AlGaAs. Usually an additional layer of undoped 
AlGaAs separates the doped AlGaAs and GaAs layers. This ’spacer’ layer gives 
additional separation of the doped AlGaAs and GaAs layers. This overall reduc­
tion in Coulomb scattering, between ionised impurities and the donor electrons, 
results in an enhanced electron mobility, hence the name High Electron Mobil­
ity Transistor. A GaAs cap layer is usually used because it aids ohmic contact 
formation by reducing parasitic resistances and preventing the oxidation of the
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Figure 2.19: Conduction band diagram showing the quantum well produced by the 
AlGaAs/GaAs layers
top AlGaAs layer. During annealing of the source and drain ohmic contacts, the 
contact metals alloys down past the hetero-interface making contact to the sheet 
of electrons (2DEG).
2.4.4 O peration  o f H E M T s
The gate electrode controls the conductivity of the channel by controlling the 
width of the depletion region under the gate. The most important parameter 
is the threshold voltage Vr, the gate bias at which the channel starts to form 
between the source and the drain. By applying a reverse bias the depletion layer 
width is increased. A first-order approximation shows that this occurs when Ep 
(the Fermi energy level) at the GaAs surface coincides with Ec  (the conduction
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band energy) [29].
AJT
Yt  — (f>b ~  ----- -— (2.45)
where is the barrier height and q is the electronic charge. Vp is the pinch- 
off voltage for the AlGaAs layer, the voltage at which the source and drain are 
completely separated by a reversed biased depletion region, which is given by
Vp =  i  p  Noydy = (2.46)
6 5  * / 0  " ^ 5
for a uniformly doped layer. N d is the donor doping concentration, Xd is the 
doped AlGaAs thickness and is the permittivity of the semiconductor. It can 
be seen that by adjusting Vt  can be varied between positive and negative
values [29]. The current at any point along the channel is given by
I  = W y i A [ V a - V T - i i [ x ) P p 7  (2.47)
where W  is the device width, is the electron drift mobility, Cq is the capaci­
tance, Vq is the gate voltage and 'ip{x) is the channel potential. Since this current 
is constant along the channel, integrating from source to drain over the channel 
length L gives.
1 = ---------- {Vg -  Vt )Vd  -  ^ (2.48)L
where Vd is the drain voltage. The transconductance (gm) defines the control of 
the gate on the drain current and it is given by the gradient of the transfer curve
9m = - ^  (2.49)
There are two modes of operation for HEMT devices, either enhancement or 
depletion mode, which depend on the point at which the device is turned on. 
An enhancement mode device is a device in which the current does not flow 
when the gate bias is zero, and only flows when a positive or negative bias is 
applied. If the current flow occurs when the gate bias is zero, and the gate turns
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Figure 2.20: An example of a transfer characteristic from a MESFET [31]
off when the gate bias is positive or negative, the device operates in depletion 
mode. The transfer curve for a PET is shown in Figure 2.20, which happens to 
be a depletion mode device. Some of the device characteristics that will be of 
interest in this project are also highlighted, the experimental determination oîVtu 
is given in chapter 3. If depletion mode devices were used in a monolithic array, 
each HEMT would have to have a bias applied to the gate to switch the devices 
off, which would give a high power dissipation. For high speed integrated circuits 
enhancement mode devices are preferred due to their low power dissipation. A 
high transconductance is also desirable, so the transition from the off-state to the 
on-state should be over a small gate bias range.
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2.4.5 Simulation model
The structures that the initial HEMTs were based on were initially used in power 
HEMT applications [50], and therefore were not optimised for our proposed ap­
plication. A simulation model was created for the optimisation of the HEMT 
structures being produced at the IH-V centre in Sheffield. Device simulators in 
general require at least a two-dimensional (in some cases even three-dimensional) 
analysis to arrive at quantitatively correct results [52]. Silvaco ’ Virtual Wafer 
Fab’ (VWF) [53], a commercially available Process (device fabrication) and De­
vice simulator was used to build a simulation model of the HEMT structures. 
Blaze, a general purpose 2-D device simulator for III-V, II-VI material devices 
and devices with heterojunctions was used.
General purpose device simulators solve Poisson’s equation and the continuity 
equations for electrons and holes. Where Poisson’s equation relates variations in 
electrostatic potential to local charge densities, and the continuity equations de­
scribe the way the electron and hole densities evolve as a result of drift, diffusion, 
generation and recombination. Poisson’s equation has been previously defined in 
equation 2.14. The continuity equations for electrons and holes, respectively, are 
given by
=  -V^M, -P Gn — Rfi (2.50)
=  “ “ VJp-h Gp — i?p (2.51)
Where n and p are the electron and hole concentrations, and Jp are the electron 
and hole current densities, Gn^ p are the electron and hole generation rate, Rn^p is 
the electron and hole recombination rate and q is the charge on a electron.
Equations 2.14, 2.50 and 2.51 provide the general framework for device sim­
ulations. Secondary equations are then used to specify particular models for 
Jn, Jp, Gnj Rn, Gp and Rp. The simplest model of charge transport that the de­
vice simulator uses is the drift-diffusion model.
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For the actual designing of the structure to be modelled, there was a trade 
off between accuracy and efficiency when building a mesh. The mesh covers the 
physical simulation domain, and is defined by a series of horizontal and vertical 
lines and the spacing between them. At each point the horizontal and vertical 
lines of the mesh cross, the above mentioned equations are solved. The finer 
the mesh the greater the time for the CPU to calculate the results, but these 
results would be more accurate. To make the design more efficient areas of low 
importance were given a less dense mesh to improve CPU time, whilst maintaining 
accuracy. However, around regions of importance the mesh was designed to be 
very much finer. These regions included heterojunctions, the area in which the 
channel would be and the area directly beneath the gate electrode.
Sheffield provided the structural details of the fabricated HEMTs, which was 
used when defining the simulation model. However, the thermal alloying of the 
source and drain ohmic contacts and tunnelling of carriers through the hetero­
junction was an unknown and had to be accounted for. Therefore, the regions 
directly under the source and drain contacts were simulated as n-type doped 
regions that extend down to the channel (s).
Chapter 3 
H EM T design and  
charact er isat ion
3.1 Introduction
This chapter describes the experimental electrical characterisation of three sets 
of HEMT structures that were designed at Surrey and fabricated at the EPSRC 
HI-V Centre at the University of Sheffield. First of all, in section 3.2, the results 
of the characterisation of the batch 1 HEMTs are presented. I-V measurements 
were performed at room temperature (RT), however, the finished prototype sen­
sor may have to be operated at lower temperatures to reduce the leakage current 
in the detector material. Thus, the performance of the HEMTs from +15 to 
-15^(7 was characterised. Silvaco ’Virtual Wafer Fab’ [53], a commercially avail­
able process and device simulator, was used to build a simulation model of the 
HEMT structures. The simplicity and symmetry of the HEMT structure meant 
that no detailed process model was needed, so the model could be built and 
tested using ’Atlas’ the device simulator. The results of the initial experimental 
characterisation were compared with the results obtained from the simulation 
model.
The results of the initial characterisation showed that the devices operated
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in depletion mode and suffered from a high off state leakage current. Section 
3.3 describes the design of a new HEMT device with the aid of the simulation 
model, the fabrication and characterisation of these redesigned devices are then 
detailed. Section 3.4 introduces the results of the HEMTs produced from the 
second optimisation process. Also, values for the ohmic contact resistance and 
doping profile under the ohmic contacts were experimentally obtained for use as 
input parameters in the simulation model. With these values, the results from 
an improved simulation model are given. Finally, this chapter is concluded with 
a summary of the results presented.
3.2 B atch 1
3.2.1 I-V measurements 
Experimental Procedure
The EPSRC Central Facility for III-V Semiconductors at Sheffield produced 
HEMTs using MOCVD to grow the epi-layers. The design of a typical structure 
made by Sheffield is shown in Figure 2.18 and a scanning electron microscope pic­
ture of a device can be seen in Figure 3.1. The structures, thickness and doping 
concentrations for each device tested are given in Appendix A.
The two main methods for producing heterostructure devices are Molecular 
Beam Epitaxy (MBE) and Metal Organic Chemical Vapor Deposition (MOCVD), 
both of these growth methods can produce material of comparable quality. MBE 
and MOCVD are preferred to other epitaxial growth techniques because struc­
tures can be grown at lower temperatures and have a lower growth rate. The 
interfaces at hetero junctions may need to be extremely abrupt, which is easier to 
produce with a lower growth rate.
Photolithography is used to transfer contact patterns from a mask onto a 
wafer. A photosensitive polymer is uniformly deposited onto the wafer. Be-
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JAW
Figure 3.1: SEM picture of the top view of a single HEMT, the large square bond 
pads lead to the source, gate and drain contacts, respectively, from left to right.
cause the polymeric materials resist the etching process, they are called resists. 
If light is used to expose a pattern they are called photoresists. With the mask 
on the wafer, the resist is exposed to UV light. A solution is then applied to 
the wafer, and depending on the material used, exposed or non-exposed areas 
of the wafer are removed. For example, in the processing of ohmic contacts 
non-exposed areas are removed, leaving the semiconductor substrate exposed. 
Ohmic contact metals are then deposited over the whole wafer. Solutions are 
then used to remove the remaining photoresist, but do not affect the metal con-
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Structure heteroj unction Doping concentration (cm^)
QT1090 double 1.5e+18
1.5e+18
QT1090R double 3.0e+17
3.0e+17
QT1103 double 1.5e+18
6.0e+17
QT1070 single 1.5e+18
Table 3.1: Brief summary of HEMT devices. Doping concentrations are for the 
top and bottom heterojunctions where applicable. QT1070 also has a doped cap 
layer
tacts that were deposited onto the substrate. The contact metallisation used at 
Sheffield was Ti(10nm)/Au(200nm) for the gate and InGe(20nm)/Au(200nm) for 
the source/drain contacts.
HEMTs of four different structures, that differed in doping concentrations 
and structure, were initially tested. Three of these devices (QT1090, QT1090R 
and QT1103) were based on a double heteroj unction structure and only varied in 
their doping concentration. The fourth device (QT1070) was based on a single 
heterojunction structure. Each structure came with 2 and bprn gate lengths with 
the exact layer structure being detailed in Appendix A and a brief summary is 
given in Table 3.1.
As mentioned previously, these devices were initially designed to work in 
power applications such as power amplification and for handling high voltages 
and large currents. In these devices a higher 2DEG was used to lead to high 
source-drain saturation currents. Therefore, the characteristics of the HEMTS 
are not going to be optimised for our proposed application. The parameters of 
most interest are the threshold voltage (I4/i), the drain current in an ’off’ state
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{loff) and the transconductance (gm)-
The IV characteristics of the HEMTs were measured using a Hewlett Packard 
4156A Precision Semiconductor Parameter Analyser and test fixture, see Figure 
3.2. Batch 1 HEMTs came bonded to headers, which could easily be connected to 
the test fixture. The Parameter Analyser had pre-programmed measurement set­
ups for Field Effect Transistors (FETs), these measurement set-ups were modified 
to measure the HEMTs. The primary data obtained was drain current (fy) vs 
drain bias (V^), drain current vs gate bias (P^) or transfer curve. The parameter 
analyser also extracted gm and Vth data from these data sets.
Figure 3.2: Picture of the experimental apparatus used to characterise the HEMT  
devices. Probes are connected to a sample in the probe station, which lead out to 
the HP parameter analyser (on the right).
The Id vs Vd curve was initially measured to determine if the devices pinched 
off (i.e. where the source and drain are completely separated by a reverse biased 
depletion region), see Figure 2.17(b). A drain bias of OV to 3V was swept in steps 
of 0.05V and the gate bias was stepped from 0 - 0.7V at O.IV intervals. Id vs Vg 
measurements were taken from a gate bias of -6V to 6V in steps of O.IV with a
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constant drain bias of 5V. Prom the transfer curve the Vth^  loff and can be 
determined.
The parameter analyser calculated the threshold voltage using (with the help 
of Figure 3.3) the following method; plots of y/IdVsVg and 5/ôVgVSy/Id were 
drawn, the maximum value for the ô/ÔVgVSy/Id curve was found and a marker 
was moved to the corresponding point on the ^/IdVsVg curve, a tangent was drawn 
through this marker and the x intercept gave the threshold voltage value, gm is 
given by the gradient of the transfer curve and loff is the drain current value 
when the device is in an off-state.
/ i d '(AI (A)
100.n 100.M
SOID DSQID
0.000
0.000 2.00
Vth UGD01004. 55x42
Figure 3.3: Graphical representation of how the threshold voltage was calculated 
using the parameter analyser[Sf].
For the evaluation of the gate barrier height only the gate-drain and gate- 
source contacts (from the HEMTs) were used, thus replicating diode behaviour. 
The gate voltage was swept from -6 to +6V. The Norde function, defined in 
equation 2.29, was used to determine the barrier height. Due to the symmetrical
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structure of the HEMT there should be no difference between using the source 
or the drain.
R esu lts
It was found that the QT1070 and QT1103 devices showed very poor, if any, 
results. Id vs Vd data for structure QT1070, see Figure 3.4, showed that the 
devices did not pinch off and therefore would not show any switching character­
istics. Only one device from the QT1103 structure was found to work. However, 
the results from the QT1090 and QT1090R proved to be much more consistent, 
where Figure 3.5 gives an example of a QT1090 device pinching off.
25
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1 15 -
3
.5  10 -5Q
  Vg = -1V
  Vg = -0.5V
 Vg = OV
  Vg = 0.5V
0.0 1.00.5 1.5 2.0 2.5
Drain b ias (V)
Figure 3.4: Plot of drain current vs drain bias for a typical QT1070 device.
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Figure 3.5: Plot of drain current vs drain bias for a typical QT1090 device, the 
plateau of the curve indicates the device has pinched off. The gate voltage of the 
top curve is O.fV and reduces in steps of O.4 V for the curves below.
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Figure 3.6; Transfer curves for 2 and Sfim devices from the QT1090 structure.
Figure 3.6 shows the typical transfer curves from structure QT1090 for 2//m 
and 5/zm gate length devices. Both HEMTs are depletion mode devices with 
threshold voltages of -2.06 ±  0.41 and -1.82 ±  0.03, respectively. For all the de­
vices measured, the mean values for the threshold voltage and transconductance 
are shown in Table 3.2, as well as the number of operational devices.
The consistency of the threshold voltages for the QT1090R devices was not 
as good as the QT1090 devices. Because the threshold voltage for the QT1090R 
devices was so close to zero, both enhancement and depletion mode devices were 
produced from this structure.
The drop in the drain current seen at a gate bias of ~5V is due to the gate 
bias reaching a value that was greater than the drain bias. This causes current 
to flow in the opposite direction in the channel.
A comparison of the effect of the gate length of both structures shows that the
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Structure Gate length No. of operational 
devices (/no. out of)
Mean threshold 
voltage (V)
Mean 
9m (ms)
QT1090 2 6/15 -2.06 ±  0.41 15.57 ±  2.55
QT1090 5 6/15 -1.82 ±  0.03 2.90 ±  1.54
QT1090R 2 4/16 0.04 db 0.02 1.71 ±  0.66
QT1090R 5 6/16 -0.02 ±  0.18 0.03 ±  0.03
QT1103 2 0 NA NA
QT1103 5 1/10 -0.98 ±  0.01 0.04 ±  NA
QT1070 2 0 NA NA
QT1070 5 0 NA NA
Table 3.2: Results from typical devices of the four different HEMTs at a drain 
bias of +5V.
2fj,m gate length devices exhibit a higher drain current, a more negative threshold 
voltage and a larger transconductance. Prom Table 3.2 it can be seen that the 
QT1090 devices had a greater drain current, a more negative threshold voltage 
and a much larger transconductance when compared to the QT1090R devices, 
this was due to its higher doping concentration. The QT1090 devices had a 
better yield of operating HEMTs and consistency when compared to the other 
three devices tested. Although the QT1090R 2/xm gate device just operated in 
depletion mode, it was the QT1090 2^m device that was favoured because of its 
higher transconductance.
Using the gate contact and one of the ohmic contacts will produce a diode, 
the I-V from a typical QT1090 device is given in Figure 3.7. Figure 3.8 shows 
plots of the Norde function vs Vg for the gate-source and gate-drain contacts from 
the same QT1090 device. After extrapolating values for the current and voltage 
at the minimum of the plot, the barrier height was determined by using equation 
2.31. The difference between the barrier height values when using the gate-source
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or gate-drain contacts was found to be 0.03eV. The mean barrier height was found 
to be 1.36 ±  O.OleV, which was deduced from both the gate-source and gate-drain 
measurements.
3.0
2.5
2.0
1.5
0.5
■OfO
- 1.0 -0.5 0.0 0.5
-0.5 Gate bias (V)
Figure 3.7: Typical I-V  characteristic from using the gate and one ohmic contact, 
in this case the source.
The initial results showed that the leakage current in the off state was quite 
high, so the effect of drain bias on leakage current was looked at. It was found 
that, from Vd=5V to Vd=0.1V, the reduction in off state current was 3 orders of 
magnitude (see Figure 3.9), reducing from a typical value of 3.5e-5A at Vd=5V 
to a value of 2.5e-8A at Vd=0.1V. The effect of lowering the drain bias on the 
threshold voltage is relatively small. At a drain bias of O.IV, the current in the on 
state had significantly dropped to a value of ~4.0e-4A, whereas, at higher drain
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Figure 3.8: Plot of the mean Norde function, F{V),  as a function gate bias for 
the QT1090 2fim device characterised in Figure 3.6.
biases, the current was ~2.6e-2A.
Discussion
It is thought that the addition of a doped cap layer as well as a doped AlGaAs 
layer in the QT1070 devices has given far too much charge in the channel, and 
therefore these devices cannot be pinched off. Seeing that only one device worked 
in the QT1103 batch any comparison was hard to make. For the one HEMT that 
did work for the QT1103 batch, the position of the resulting transfer curve was 
expected. The doping values of the AlGaAs layers in the QT1103 devices was in 
between the values of doping in the QT1090 and QT1090R devices, thus, from 
equations 2.45 and 2.46 the transfer curve of the QT1103 devices was expected 
to fall between that of the QT1090 and QT1090R devices. The design of QT1103
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Figure 3.9: The effect that the drain bias has on the transfer curve of a QT1090 
2iim gate length device.
does not suggest why all but one HEMT should not work. Either at some stage 
during the processing, wire bonding or measuring, these devices were destroyed.
The results show that the 2//m gate length QT1090 HEMT structures are 
the best in terms of consistency and characteristics. They produce the highest 
recorded transconductance of 17.81mS. The higher drain current and more neg­
ative threshold voltage for the 2//m devices is due to a lower number of electrons 
being scattered when travelling through the smaller channel length. The effect 
of a smaller channel length can be deduced in equation 2.48, which shows that 
the smaller the source-drain separation the greater the current in the channel.
The layer structure of the QT1090 and QT1090R devices are essentially the 
same apart from the former having a higher doping concentrations in the doped 
AlGaAs layers. Thus, the higher doping concentration creates a greater number
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of free electrons in the channel of the QT1090 devices and is, therefore, the 
cause of the higher loff and Ion values. This high doping is also the cause of the 
difference in the threshold voltages of both structures, where a lower gate voltage 
can deplete the lower doped structures.
The results clearly show that the HEMT structures suffer from a poor leakage 
current, with values of approximately 10“  ^ to 10“^A. A previous batch produced 
at Sheffield in 1997 gave Jo// values of 10“^A at a drain bias of 5V. In an 
attempt to lower the leakage current the transfer curve characteristic was then 
measured for a range of drain biases. As expected, the lower the drain bias the 
lower the leakage current, but the lowest leakage current was still only 10“  ^ — 
10“®A. These results do suggest that a drain bias of 5V was too high.
The value for the barrier height was much higher than expected, and was 
consistently over 1.3eV for all the devices measured. A typical value of the barrier 
height between a metal and G a As is ~0.8eV. It is unknown why this value was 
so high.
There was a large problem in the reliability of the devices. For each structure 
less than half of the devices were operational. It was thought that the poor yield 
of the HEMTs was caused during the processing or measurement of the devices. 
The current designs produce mainly depletion mode HEMTs, which are not ideal 
for high speed integrated circuits because of the associated high power dissipation 
described in section 2.4.4.
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3.2.2 Temperature measurements 
Experim ental procedure
In order to reduce the leakage current in G a As detector systems they are operated 
below room temperature (RT). The IV characteristics of the HEMTs measured in 
the previous section were characterised over a temperature range of 15 to -15*^0, 
in steps of 5°C.
The low temperatures were attained by a semiconductor Peltier heat pump 
within a vacuum chamber to prevent condensation. A water jacket was connected 
to the hot side of the Peltier, which was maintained at a constant temperature 
of +5°C. Temperature sensors monitored the temperature of the cold and hot 
blocks, the values of which were displayed in a labview program on a PC. The 
program also controlled the temperature of the cold block by controlling the 
current to the Peltier heat pump.
For the HEMT devices to be measured in the cryostat a specially built mount 
had to be made. Some machineable ceramic with a thickness comparable to that 
of the HEMT header was drilled so that the HEMTs fitted tightly into the hole.
Results
The results of the temperature measurements on QT1090 and QT1090R are 
shown in Figure 3.10. From a temperature of 15"C to -15°C the drop in the 
loff current, of the QT1090R device (Figure 3.10(a)), is from 2.8e-7A to 4.7e-8A 
and for the QT1090 device (Figure 3.10(b)) the loff current drop is 3.39e-5A 
to 1.58e-5A. For both devices, the deviation in the position and slope of the of 
the transfer curve when switching from an off to an on state was very small. 
A very small decrease in the on current value can also be seen with decreasing 
temperature.
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Figure 3.10: The transfer curves over a the temperature range of 15° C to -15°C 
for (a) structure QT1090 and (b) structure QT1090R.
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The graph in Figure 3.11 shows the variation in threshold voltage as a function 
of temperature. This shows that there was an insignificant effect on the HEMT 
threshold voltage over the temperature range of 15°C to -15°C.
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Figure 3.11: Variation in threshold voltage with temperature for QT1090 and 
QT1090R devices with 2 and 5iim gate lengths.
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The effect of the temperature range on the transconductance for 2 and 5/im 
HEMTs from QT1090 and QT1090R devices is shown in Figure 3.12. As can be 
seen from Figure 3.12, the transconductance shows no significant change over the 
temperature range.
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Figure 3.12; Variation in transconductance with temperature for QT1090 and 
QT1090R devices with 2 and ôfim gate lengths.
CHAPTER 3. HEMT DESIGN AND CHARACTERISATION  82
The graphs in Figures 3.10, 3.11 and 3.12 show that the low temperatures have 
a negligible effect on the HEMT characteristics. The most noticeable effect is a 
drop in the leakage current. The transconductance shows almost no change over 
the temperature range and for all the devices tested the threshold voltage proved 
to be stable over the temperature range used. Therefore the final prototype 
sensor could be used at lower temperatures without the threshold voltage or 
transconductance of the HEMTs changing.
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3.2.3 Simulation results
R esults
The simulation model described in Chapter 2 was tested for its accuracy against 
the experimental results. Figure 3.13 shows a comparison of the simulation trans­
fer curves with those of the experimental curves. Neither lo/f or Vth are accurately 
predicted, instead the model produces data of the correct general form.
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 expenmental OT1090
experimental OT1090R 
simulation of QT 1090 
simulation of QT1090R
le-12-
1e-ia-
-1 0 1 
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Figure 3.13: Comparison between simulated and experimental results, for the 
transfer curves of QT1090 and QT1090R.
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Silvaco models can give information that cannot be experimentally obtained. 
One such piece of information, the positioning of the conduction current density, 
is shown in Figure 3.14. A vertical section covering the whole depth of the HEMT 
structure has been taken. From Figure 3.14 it seems that a parasitic channel in 
the upper doped AlGaAs layer contributes greatly to the leakage current. A 
conduction path through the AlGaAs also decreases the high electron mobility 
of these devices due to the scattering experienced in the AlGaAs layer by the 
ionised donors.
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Figure 3.14: The simulation model shows that there is a parasitic conduction path 
through the AlGaAs. The graph on the left is when the device is in an off state, 
while the graph on the right is when the device is turned on.
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D iscussion
The simulations have shown the model to behave correctly, but it currently lacks 
accuracy with the experimental data. In PET devices the ohmic contact must be 
made to the 2DEG channel electrons. The ohmic metallisation, therefore, should 
penetrate through the AlGaAs to form a low resistance ohmic contact with the 
GaAs channel [55, 56]. Information on the doping concentration and depth of 
the ohmic contact metals was unknown. Values from the literature have been 
used for the doping concentration (le+18 cm” )^ and penetration depth (O.l^m) 
under the source and drain contacts [57]. The contact resistance for the source 
and drain contacts were initially assumed to be ideal (i.e. zero). The values of 
these parameters will affect the behaviour of the HEMT simulation model. To 
obtain values of these parameters, Ti'ansfer Length Method (TLM) structures 
would have to be used to calculate the ohmic contact resistance and Secondary 
Ion Mass Spectroscopy (SIMS) analysis would have to be used to determine the 
doping profile under the ohmic contacts. From Figure 3.14, the simulation model 
has suggested that there are conduction paths through the top doped AlGaAs 
layer, which would degrade device characteristics such as the electron mobility 
and increase the leakage current. This lead to development of a recessed gate 
structure described in the following section.
Recessed ga te  sim ula tion
The various ways of making enhancement mode devices include a recess gate, 
reduced doping, and thinner GaAs cap and doped AlGaAs layers. The motivation 
for fabricating recessed gate devices was to maintain high doping values, which 
would maintain the transconductance values. From the theory (equations 2.45 
and 2.46) it is shown tha t by, reducing the layer thicknesses between the gate 
and the channel, the threshold voltage should be more positive for these devices.
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Figure 3.15: Simulation of structure QT1090 with and without a recess gate.
Simulations were carried out on recessed gate designs and showed that the 
introduction of a recess gate both decreased the leakage current (by a small 
amount) and gave a positive shift to the threshold voltage, making it enhancement 
mode (see Figure 3.15). It is thought that this is due to the closer proximity of 
the gate to the channel and that the built in potential of the gate depletes the 
doped AlGaAs as well as the 2DEG [58].
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Figure 3.16: The conduction current density through the recess gate device when 
it is in the off state.
Comparing the recess gate simulation results (Figure 3.16) to that of the nor­
mal gate (Figure3.14) has shown that the former removes any parasitic channels 
in the AlGaAs.
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3.3 B atch 2
3.3.1 Recessed gate design
After the simulation model indicated that a recess gate would both reduce the 
leakage current and potentially make enhancement mode devices, some HEMTs 
based on the previous QT1090 structure were produced with a recessed gate. A 
simple diagram of how a recessed gate is realised is shown in Figure 3.17.
DrainGate
Channel
Figure 3.17: Illustration of a recessed gate contact.
There were two types of recessed gate devices, QT1090a and QT1090b, which 
only differed in the order of the gate deposition. For device QT1090a, the mesa 
etch was done prior to the gate deposition, and for QT1090b, the mesa etch was 
performed after the gate deposition. This was done to determine if the order of 
the deposition had any effect on the electrical properties of the HEMTs and when 
considering the processing of the whole array.
The new batch of devices came both on wafers and bonded to headers. While 
the bonded devices could be characterised using the parameter analyser, the 
devices which weren’t bonded were characterised using the probe station. Inside 
the probe station, probes were placed onto the bond pads of the devices, and 
could be connected to the parameter analyser via previously made wires.
A device was preliminary tested to determine the range of Vg in the measure-
CHAPTER 3. HEMT DESIGN AND CHARACTERISATION 89
ment of the transfer curve. The range of Vg was slightly altered from the initial 
measurements to -3 to 6V. Apart from these changes the experimental procedure 
was the same as section 3.2.1.
3.3.2 Results
Figure 3.18 and Figure 3.9 (from section 3.2.1) show the transfer curves for the 
QT1090 structure devices with and without a gate recess over a range of drain 
biases. The QT1090b devices are particularly bad at high drain biases, the dif­
ference between lo// and Ion at a drain bias of 5V was less than one order of 
magnitude. The transconductance is also very poor, this can be seen from the 
shallower slope at higher drain biases.
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Figure 3.18: The transfer curve for device QTlOOOb over a range of drain biases.
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Structure Gate
length
(/zm)
No. of 
operational devices 
(/no.out of)
Mean
9m
(mS)
Lowest leakage 
current at 
V,=1V
Vth
(V)
QT1090a 2 7/14 0.78 ±  0.05 1.56e-9 0.23 ±  0.02
QT1090a 5 6/11 0.54 ±  0.07 1.48e-7 0.55 ±  0.03
QT1090b 2 8/8 5.78 ±  0.87 1.16e-9 0.36 ±  0.02
QT1090b 5 9/10 0.99 ±  0.11 1.28e-9 2.25 ±  0.21
Table 3.3: Characteristics of the recess gate devices from unbonded devices.
However, at lower drain biases they do perform considerably better. There 
was a noticeable kink in the transfer curve, which gets more pronounced as the 
drain bias is lowered. It was thought tha t this kink could be due to the two 
channels switching on at different times. The transfer curve at a drain bias of IV 
has produced the best results for both devices.
Table 3.3 gives the obtained characteristics of these new devices. Sample 
QT1090a devices showed a greater leakage current in addition to a lower consis­
tency. No operational devices were found in the bonded samples, hence the data 
in Table 3.3 is for those samples that were not bonded. At a drain bias of IV 
the threshold voltage for the QT1090a 2}im device was (0.23 ±  0.02)V, however, 
the voltage at which the second increase in drain current occurred was (0.90 ±  
0.01)V. Similar differences also occurred with the QT1090b device, with a drain 
bias of IV the device initially turns on at a Yth of (0.36 d= 0.02)V and the second 
increase in drain current occurs at (1.34 ±  0.04)V. Again the 2^m gate length 
devices proved to have a higher transconductance when compared to the 5^m 
gate lengths.
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(a)
(b)
Figure 3.19: SEM pictures of the gate/gate bond pad region for (a) QTlOOOa and 
(b) Q T lo m .
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Scanning Electron Microscope (SEM) pictures of the new devices, see Fig 
3.19, show the points where the gate contact meets the gate bond pad. A strong 
connection between the gate and its bond pad exists for the QT1090b devices. 
However, the connection for the QT1090a devices looks quite fragile.
3.3.3 Discussion
No operational devices existed on the QT1090a bonded samples and very few 
existed on QT1090b. However, neglecting the devices damaged from cleaving (or 
by anyother reason), nearly every sample tha t was not bonded was operational. 
This answered the problem of the consistency of the devices.
Initial characterisation of the first set of HEMTs showed tha t the QT1090 
devices had the superior transconductance, reliability and consistency. A recessed 
gate was introduced into the design to provide a lower leakage current with the 
addition of changing the devices to enhancement mode. By placing the gate 
contact closer to the conduction channels it was expected to be able to deplete 
the region more fully with its built in potential. This would therefore remove 
any parasitic MESFET channels and make the device non-conducting at zero 
volts. The results shown in Fig 3.18 shows tha t the recessed gate had made these 
changes. The new devices show a leakage current of ~  10“^A at a drain bias 
of IV. For these recessed gate devices it is clear that the lowering of the drain 
bias had an enormous effect on the leakage current. However, the recessed gate 
samples have a much higher l^ff current at higher drain biases when compared 
to the QT1090 devices of section 3.2.
The QT1090b device with a 2/zm gate length had a much greater transcon­
ductance of 5.78mS when compared to the other devices which had values of less 
than ImS. All the devices have an loff current of at a drain bias of IV,
apart from QT1090a (5 ^m gate length) which has a loff value of two orders of 
magnitude higher.
Sample QT1090b proved to have more consistent results than sample QT1090a.
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The SEM photographs of the two structures, see Figure 3.19, suggest that the 
problem of consistency of the QT1090a samples could be due to the connection 
between the gate contact and the gate bond pad. The bond pad is lower than the 
gate and therefore part of the bond pad has to rise up to meet the gate electrode. 
This is where there seems to be a very weak connection and a high possibility of 
a poor mechanical connection.
3.4 B atch 3
3.4.1 Introduction
This section introduces the results of HEMTs that were produced to answer ques­
tions brought up on the fabrication order and structure in section 3.3. Devices 
based on the QT1090b structure were fabricated and characterised to determine 
what effect having a double heterojunction structure had, when compared to a 
single heterojunction structure. The effect of the order of the bond pad deposi­
tion in the fabrication was also looked at. Two test structures were produced, 
one to measure the doping profile under the ohmic contacts and one to measure 
the ohmic contact resistance of the HEMTs. Finally, the values obtained for 
the contact resistance and doping profile were used in the simulation model, and 
the results were compared with those of the initial model and the experimental 
results.
3.4.2 Design, fabrication and experimental procedure 
Mask design
To fabricate test structures along with a set of HEMT devices a new pholithog- 
raphy mask had to be designed. Wavemaker, a PC based package for designing 
masks was used. In the overall fabrication of a device the ohmic contacts have to 
be deposited onto the epi-layers first, followed by the gate contact. In previous
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fabrications the mesa etch was performed next then finally the bond pads were 
deposited. However, the order of the mesa etch and the bond pads was looked 
at here to see what eflTect it had on the HEMT characteristics. For each HEMT 
structure there were two regions, region 1 had the bond pads deposited after the 
mesa etch and region 2 had the bond pads deposited before the mesa etch. A 
summary of the processing steps is given in Table 3.4. Usually a different mask 
would be needed to produce each of these stages. To minimise cost and maximise 
efficiency of the mask, a rotation system was proposed. The mask was split into 
4 quarters (see Figure 3.20), one for each stage of the fabrication. The rotation 
system worked by depositing the ohmic contacts and then, after annealing, the 
gate contacts can be deposited in between the ohmic contacts by rotating the 
mask 90° anti-clockwise.
From section 3.2 it was found tha t the 2fj,m gate length devices had a better 
performance than the 5/im ones. Therefore, for this mask design the gate length 
was kept at 2/im.
Two test structures were incorporated into this mask design to determine 
some input parameters for the simulation model. To measure the ohmic contact 
resistance a structure based on the TLM method was designed (see section 2.2.3). 
The distances between each contact were 2, 4, 6, 10, 15, 20 and 50/xm, this 
was illustrated in Figure 2.11. The other structure was a 200 x 200/im square 
ohmic contact to determine the doping profile under the ohmic contacts by using 
Secondary Ion Mass Spectroscopy (SIMS).
Fea tu res of th e  design
The narrow end of the gate extended 3/im past the edge of the mesa to ensure that 
there was not a path round the end of the gate (there could easily be 1/im error 
in relative positioning, 3/im gave a good leeway) [59]. A small leakage path would 
reduce the ability to fully pinch off the devices. One end of the gate was extended 
several microns beyond the ohmic contacts, widening out as well, and the bond
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Step HEMT processing
1 Photolithography for ohmic contacts; 
Ni-Au-Ge-Ni-Au evaporation 
Lift-off pattern with acetone and clean sample 
Anneal contacts
2 Gate photolithography;
etch gate recess or leave for normal gate
deposit gates
3 Photolithography for bond pads (for half of sample): 
evaporate and lift-off bond pads
4 Photolithography for mesa 
(only on half of sample - rest protected by resist) 
Etch 0.5/im deep mesas (on half of sample) 
etchant was H 2S0i : H2O2 : H2O (1:8:40)
5 Photolithography for bond pads (for other half of sample): 
evaporate and lift-off bond pads
Table 3.4; Summary of processing steps used in the fabrication of HEMTs.
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Figure 3.20: Illustration of the mask design, with each quadrant containing a 
different mask step. The vertical and horizontal lines are reference lines.
pad was overlapped onto it 3pm away from the end of the ohmic contacts. The 
bond pads for the ohmic contacts also overlapped the ohmic contacts to avoid 
any chance of a poor connection between them in case of a small error in the 
alignment.
Alignment and resolution marks were placed in each quadrant, which were 
of a standard design used at Sheffield. The marks were based on a four layer 
design and each layer was positioned in their corresponding quadrant. Referring 
to Figure 3.20, reading clockwise from the top right quadrant the layers used were 
in the order; layer 1 (ohmic contacts), layer 2 (gate contacts), layer 3 (mesa) and 
layer 4 (bond pads). The vertical and horizontal lines in Figure 3.20 were used 
as a visual aid.
The quadrant with the mesa design would normally be the opposite polarity
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Figure 3.21: Illustration of the pattern that the rotated mask steps will produce.
(light field) to the other quadrants (dark field), assuming that lift-off is being used 
for the metal deposition and that positive resist is being used. This means that 
if we were putting all four quadrants on the same mask, we would really need to 
define the mesas by an etched area round the mesa, rather than defining the mesa 
itself. It was decided to make copies of the mask in both polarities. Therefore 
depending on the resist being used, one mask will be used for the ohmic, gate 
and pad contact deposition, while the mask of opposite polarity will be used for 
the mesa etch.
Experimental procedure
Four heterostructure devices were produced, a brief description is given in Table 
3.5. From the results obtained in section 3.3, none of the devices were wire bonded 
for this fabrication run. Again the HP parameter analyser in conjunction with
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Structure Gate hetero junction
QT1455A-1 normal single
QT1455A-2 recess single
QT1455-1 normal double
QT1455-2 recess double
Table 3.5: Brief description of the new HEMT devices.
a probe station were used to electrically characterise the devices as described in 
section 3.2.1.
For the TLM measurements, the voltage drop across each pair of contacts was 
measured using the HP parameter analyser which also supplied a current across 
the contacts. For statistical purposes the measurements were repeated 10 times 
at each position.
In order to perform the SIMS analysis the contact metals had to be removed. 
This is because the incident ion beam would knock the atoms of the metals, 
present in the contact, into the device. Before the SIMS analysis took place a 
1:1 ratio of Bromine:Potassium iodide was used to etch away the gold contacts. 
After the contact was deemed to have been etched away by visual inspection the 
sample was then left in a solution of methanol for 10 minutes, rinsed in de-ionised 
water and then dried by using a jet of nitrogen. The SIMS analysis was performed 
off-site at Cascade Ltd.
3.4.3 Results and Discussion
Those devices that were fabricated with the bond pads being deposited after the 
mesa etch (region 1) did not produce any working devices. However, the majority 
of devices that were fabricated with the bond pads being deposited before the 
mesa etch did work. It was also found that the QT1455-1 devices only worked 
once for some unknown reason, this prevented further characterisation of these
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devices. Figures 3.22, 3.23 and 3.24 show the typical vs plots for the 
respective QT1455A-1, QT1455A-2 and QT1455-2 devices, each of these devices 
clearly pinch off.
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Figure 3.22: Id vs Vd for a typical QT1455A-1 device, that has a normal gate and 
single heterojunction
CHAPTER 3. HEMT DESIGN AND CHARACTERISATION 100
Comparing the saturation current values for the single hetero junction devices 
in Figures 3.22 and 3.23, shows that the device with the normal gate contact has 
a much higher value. At a gate bias of 0.7V and a drain bias of 2V the drain 
current for the QT1455A-1 device is 7.81mA and 3.16mA for the QT1455A-2 
device. From these figures it can also be seen that the recess gate devices pinch 
off at a lower drain bias.
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Figure 3.23: Id vs Vd for a typical QT1455A-2 device, that has a recessed gate 
and single heterojunction
The Id vs Vd plot for QT1455-2 shows some odd behaviour, where there seems 
to be a kink in the curve. For gate biases of 0.4 and 0.6V the drain current does 
saturate, but then begins to increase again. Also for a gate bias of 0.8V a dip 
can be seen in the plateau region.
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Figure 3.24: I^ vs Vd for a typical QT1455-2 device, that has a recessed gate and 
double heterojunction
Figures 3.25, 3.26 and 3.27 show typical transfer curves for the QT1455A-
1, QT1455A-2 and QT1455-2 over a range of drain biases, respectively. The 
threshold voltage for the QT1455A-1 and QT1455A-2 devices were very stable 
over the range of drain biases used when compared to that of Q T l455-2 and 
in fact any previous HEMT device characterised. At a drain bias of 5V the lo// 
current is 5.17e-7, 1.74e-9 and 2.48e-9A for QT1455A-1, QT1455A-2 and QT1455-
2, respectively. At a drain bias of IV the Iq/ /  current is 3.84e-7, 3.18e-10 and 
4.95e-10 for QT1455A-1, QT1455A-2 and QT1455-2, respectively.
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Figure 3.25; Transfer curve over a range of drain biases for structure QT1455A-1.
The loff values for the single heterojunction with normal (QT1455A-1) gate 
structure are approximately 10~®A, which is comparable to the off-state leakage 
current in normal gate devices characterised previously. The structure of the dou­
ble heteroj unction device with gate recess (QT1455-2) is the same as QTlOOOb, 
apart from a slightly higher doping concentration. QTlOQOb in section 3.3 showed 
a difference in the Iq// current of over six orders of magnitude between drain bi­
ases of O.IV and 5V. Whereas, with the QT1455-2 devices they show less than 
one order of magnitude in the difference in Iq// over the same range of drain bias. 
In general all the devices here have a lo// current that is less dependent on the
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Figure 3.26: Transfer curve over a range of drain biases for structure QT1455A-2.
applied drain bias than with the previously measured HEMTs. When comparing 
the Ion current values there were no appreciable differences in the devices tested, 
which have values that fall between 10~^A to for the range used.
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Figure 3.27: Transfer curve over a range of drain biases for structure QT1455-2.
Table 3.6 gives the characteristics of the measured devices. The devices with a 
recess gate had a slightly superior transconductance. The QT1455A-1, QT1455A- 
2 and QT1455-2 devices had a yield of 80, 90 and 75% respectively. The lower Wth 
of the double heterojunction devices is due to the high concentration of electrons 
as a result from having two channels. The effect of the recess gate on the Wth of 
the single heteroj unction devices is quite apparent, the recess gate has increased 
the threshold by ^1.7V.
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Structure no. of operational
devices
/out of 20
Threshold 
voltage (V)
Trans­
conductance
(mS)
QT1455A-1 16 -1.61 i  NA 5.67 ±  0.12
QT1455A-2 18 0.17 ±  0.01 7.42 ±  0.06
QT1455-1 11 -3.79 0.02
QT1455-2 15 -0.17 ±  0.01 7.57 ±  0.02
Table 3.6: Electrical characteristics of the third batch of HEMTs.
Previously in section 3.3 it was suggested tha t the kink in the transfer curve 
of the QT1090b devices was perhaps due to the two channels switching on at 
slightly different gate biases. Apart from a slightly higher doping concentration 
the QT1455-2 is the same design as that of QT1090b and the results do not show 
a kink.
In many of the double heteroj unction devices a smaller second rise in the drain 
current in the transfer curve can be seen, which is the cause of the second peak in 
the transconductance curve. The double peak observed in the transconductance 
of the QT1090b (double heterojunction) devices is also observed in the QT1455A- 
2 (single heteroj unction) devices, see Figure 3.28. Thus, this is not due to the fact 
that the two channels in the QT1455-2 devices were switching at different gate 
biases. The maximum voltages on the gate, limited by Schottky diode leakage or 
by conduction in the (Al,Ga)As, are about 0.8V at room temperature [58]. From 
the experimental data the second increase in the drain current occurs just after 
IV, and is thought to be a combination of a leaky gate and a parasitic channel 
in the doped AlGaAs layer.
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Figure 3.28: Graph showing the transfer and transconductance curves for a
QT1455A-2 device, with a double peak transconductance.
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A double peak in the transconductance curve did not occur in all of the 
devices. Figure 3.29 gives an example of a single heterojunction device with a 
gate recess where there was no second peak in the transconductance curve.
Typical transfer curves for each of the structures were measured 10 times each. 
The mean values with standard deviations of these measurements are given in 
the plots of Figure 3.30. The mean for the transfer curve for a typical QT1455-1 
(double heteroj unction with normal gate) device could not be calculated because 
the devices were found to only work once. However, it can be determined from
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Figure 3.29: Graph showing the transfer and transconductance curves for a
QT1455A-2 device, with a single peak transconductance.
the single measurement that the characteristics of the Q T l455-1 devices are un­
suitable. The devices operate in depletion mode and had a very small difference 
between the off and on current levels.
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Figure 3.30: Comparison of transfer curves for the new HEMT devices, measure­
ments were performed at a drain bias of 3 V.
The QT1455A-2 device shows some very good characteristics for our proposed 
application. It had a small positive threshold voltage of (0.17 ±0.01 )V, which 
would minimise the power dissipation through a monolithic device, and a leakage 
current of the order of 10“^A, which approaches 10“ ®^A at lower drain biases. 
The single heteroj unction device was also found to have a transconductance com­
parable to that of the double heteroj unction devices.
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TLM  m easurem ents
TLM structures were fabricated for each of the HEMT structures. However, since 
the TLM structures are used to calculate the ohmic contact resistance the type 
of gate will have no effect on the measurements. Therefore, there will be only 
two different structures under the ohmic contacts. As stated previously in section 
2.2.3, by using equation 2.21 a plot of Rt  vs d, will yield a gradient of the 
intercept at d =  0 is R t = 2Rc and the intercept at =  0 gives —d = 21^.
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Figure 3.31: Plot of total resistance against contact spacing for a QT1455A single 
heterojunction device.
Values for the contact and sheet resistances from several QT1455A and QT1455
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Structure Contact
resistance Rc (H)
Sheet 
resistance pg (0)
Specific contact 
resistivity pc xlO“® (Ocm^)
QT1455A-2 49 ±  7 2073 ± 1 2 7 4.7 ±  0.7
QT1455A-2 67 ±  7 2026 ±  128 8.6 ±  1.0
QT1455-1 44 ±  2 514 ±  42 1.5 ±  0.1
QT1455-1 55 d= 2 464 ±  43 2.5 ±  0.2
Table 3.7: Values for the contact resistance, sheet resistance and specific contact 
resistivity obtained from the TLM structures.
devices are shown in Table 3.7. The sheet resistance is the resistance of the doped 
layer under the contacts. A comparison of the sheet resistance of the QT1455A 
(20730) and QT1455 (5140) devices shows that the former was nearly 4 times 
greater. This is interpreted to be due to the lower amount of doping in the 
QT1455A device due to only one doped AlGaAs layer. The contact resistance 
values are much closer together. The specific contact resistivity includes the 
metal-semiconductor interface and the regions immediately above and below the 
interface. Differences in pc between the two structures is principally due to the 
large difference in pg. Typical specific contact resistivities are Pc < 10“®Ocm  ^for 
good contacts [33].
SIMS analysis
AuGeNi based ohmic contacts are the most widely used for GaAs at the present 
time. It is the Ge-rich regions obtained by in-diffusion of Ge during alloying 
tha t are believed to produce highly doped GaAs regions, this allows appreciable 
electron tunnelling through the metal-semiconductor barrier to occur, resulting 
in an ohmic contact [60, 61]. Thus, the performance of the n-type doped region 
under the ohmic contact in the simulation model is sensitive to the concentration 
of the germanium. To experimentally determine the concentration as a function
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of depth (or depth profile) SIMS analysis was used.
After removing the contact from the sample, SEM pictures were taken to 
determine if the epi-layer structure had not also been etched away. Figure 3.32(a) 
shows the shape of the test sample and (b) shows the height of the epi-layers 
above the substrate. X-ray analysis of the sample, see Figure 3.33, shows that 
the remaining surface layer was composed of GaAs by the absence of A1 in the 
spectra.
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(b)
Figure 3.32: SEM pictures of (a) a TLM structure with the contact etched away 
and (b) the height of the epi-layers above the substrate, after the contact had been 
etched.
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Figure 3.33: Composition of the TLM structure with the contact etched away, 
determined by X-ray analysis.
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Figure 3.34: Depth profile of germanium under the ohmic contacts of a HEMT 
structure, obtained from SIMS analysis.
For the initial simulation model the n-type doping profile of the Ge was sim­
ulated to be a constant value of l.Oed-18 atoms/cm^ extending only O.l^m into 
the device. From Figure 3.34 it can be seen tha t the germanium extends ~0.2^m 
into the HEMT, with a peak concentration of 5.80e+18 atoms/cm^, which falls to 
7.05e+16 at a depth of 0.2pm. It can be seen that the experimentally determined 
depth profile was quite different to tha t of the simulated one.
CHAPTER 3. HEMT DESIGN AND CHARACTERISATION  115
3.4.4 Discussion
All the measurements presented here were for devices tha t had the mesa etch 
performed after the bond pads were deposited. There were no operational devices 
with the mesa etch being performed before the bond pads were deposited. This 
clearly indicates tha t the order of fabrication in future should occur with the 
bond pads being deposited first.
The effect of introducing a recess gate into the design can clearly be seen in 
Figure 3.30. For the single heteroj unction devices (QT1455A) the recess gate 
causes the leakage current to be reduced by ~  2 orders of magnitude, and ^  6 
orders of magnitude for the double heteroj unction devices (QT1455). The recess 
gate has also had a significant effect on the threshold of the devices. Introducing 
the recess gate into the single and double heteroj unction structures has increased 
Vth by ^  1.7V and 3.6V, respectively.
The maximum voltages on the gate, limited by Schottky diode leakage or by 
conduction in the (Al,Ga)As, are about 0.8V at room temperature [58). From 
the experimental data the second rise in the drain current occurs just after IV, 
and is thought to be a combination of a leaky gate and a parasitic channel in 
the doped AlGaAs layer. The transfer curve for QT1455A-1, from Figure 3.30, 
shows an increase in drain current at about -0.25V, this should be entirely due 
to the parasitic MESFET effect.
TLM measurements have found the resistance under the ohmic (source/drain) 
contacts to fall between 40-70^2. This is comparable with the results found in 
the literature for the drain and source contacts of 76.70 and 78.00 reported in
[62]. SIMS analysis showed tha t the assumed Ge concentration profile in the 
simulation is quite different to experimentally found profile.
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3.5 Im provem ent of sim ulation m odel
The doping profile under the ohmic contact and the contact resistance obtained 
in the above measurements were placed into the simulation model for the QT1090 
device. Figure 3.35 has the same data as that shown in previously Figure 3.13, 
but this time the simulations with the new input parameters are shown as well. 
Visual inspection of the results from the new simulation model clearly show that 
the input parameters have improved the accuracy of the simulation model. The 
threshold voltage of the QT1090 device found experimentally was -2.06 ±  0.41V, 
the threshold voltage for the old and new simulation models were -3.40V and 
-2.60V, respectively. Adding the contact resistance and doping profile under 
the ohmic contacts has noticeably moved the simulation results closer to the 
experimental results. The maximum transconductance was found to be 8.10mS 
and 7.28mS for the old and new simulations, compared with 15.57 ±  2.55mS 
found experimentally.
3.6 Sum m ary of Chapter
Batch 1
The 2pm gate length devices have shown a much superior performance over the 
bpm gate length devices. It has also been found that by lowering the drain bias the 
leakage current is reduced by several orders of magnitude. The measured value 
of the gate barrier height was found to be larger than expected and was later 
used in the simulation model. The number of operational devices was initially 
very low.
The results of the temperature measurements show that there is no significant 
lowering of the leakage current and no benefit to the transconductance for the 
HEMT devices at low temperatures. However, the threshold voltage has been 
proven to be stable over the possible temperature range of operation, which
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Figure 3.35: Comparison of the transfer curves from the new simulation model 
with that of the old model and the experimental curve for a Q T l090 device.
would allow the final prototype sensor to be used at lower temperatures without 
the characteristics of the device changing.
B a tch  2
The new HEMT design has shown many desired qualities. The devices are now 
enhancement mode, with a threshold voltage of ~0.2V, and would therefore re­
duce the power dissipation through the proposed device when compared to those 
tested in section 3.2. These HEMTs exhibit a much lower Iq/ /  current of ~  10“^A. 
Its has been found that the wire bonding process has a detrimental effect to the 
HEMTs, and it seems very likely that the poor performance of the QTl 103 de­
vices (from batch 1) was down to this process. When processing the HEMTs 
it has been determined that the gate deposition should be performed before the
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mesa etch and tha t the devices should no longer be bonded to headers.
Batch 3
It was found tha t performing the mesa etch before the deposition of the bond 
pads created a very poor yield in operational HEMT devices. Thus, future devices 
should be fabricated with the mesa etch performed after the deposition of the 
bond pads.
Again the effect of introducing a recess gate into the design can be seen to be 
significant. For the single heteroj unction and double heteroj unction devices the 
leakage current was reduced by 2 orders and 6 orders of magnitude, respectively. 
No kink in the transfer curve was observed with this batch of devices. However, 
the cause of the double peak in the transconductance curve is believed to be do 
to gate leakage and parasitic channels through the doped AlGaAs layer.
The single heteroj unction structure with a recess gate produced the best de­
vices. With a 90 % yield the devices were now enhancement mode, with a thresh­
old voltage of ~0.2V. This low and positive threshold voltage was desirable be­
cause it would minimise the power dissipation through an integrated device. At 
a drain bias of IV, G/y current values of O.SnA were obtained.
Chapter 4
GaAs pad detectors
4.1 GaAs for R adiation D etectors
Several methods of bulk GaAs crystal growth have been developed to produce 
doped and undoped semi-insulating substrates. Bulk growth provides a method 
of producing large crystals of GaAs for use in industry, which generally consist of 
attaching a single crystal seed to a reservoir of molten GaAs. Methods for bulk 
growth include variations of Horizontal Bridgman (HB), Liquid Encapsulated 
Gzochralski (LEG), Vertical Bridgman (VB), Vertical Gradient Freeze (VGF), 
and Vertical Zone Melt (VZM). The methods differ in cooling techniques, how­
ever, all use a seed crystal to order the GaAs ingot into a single crystal [63]. GaAs 
produced by LEG, VZM, VGF and most other modern techniques are intended 
to be semi-insulating with the Fermi level pinned on the deep donor EL2 [64].
The typical LEG or VGF GaAs material contains the deep donor defect EL2 at 
concentrations exceeding whereas GaAs growth by the VZM technique
should reduce the EL2 concentration by an order of magnitude. To lower the 
EL2 concentration in GaAs, another technique known as zone levelling has been 
developed. By passing a zone of Ga rich material through the ingot, the potential 
for As anti-sites is reduced. To achieve a reduction of EL2 the melt must be at 
least 53% Ga. The zone levelling requires only one pass through the ingot.
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Epitaxy is derived from the Greek words epi, meaning ”on” , and taxi, mean­
ing ’’arrangement” [31]. Epitaxial growth is defined as the growth of a layer of 
one substance on a single crystal of another, such that the crystal structure in the 
layer is the same as tha t in the substrate. A heteroj unction is a junction between 
two different semiconductors. To produce devices that work using heteroj unc­
tions, such as HEMTs and MESFETs, the control of the thickness and doping 
concentration of each layer has to be very precise. Epitaxial GaAs is grown using 
several methods. Defect free GaAs can be grown epitaxially with Liquid Phase 
Epitaxy (LPE), Vapour Phase Epitaxy (VPE), Molecular Beam Epitaxy (MBE) 
and Metal-Organic Chemical Vapour Deposition (MOCVD). All these methods 
give crystals with excellent transport properties, but with limited thickness and 
relatively low resistivity.
LPE has been employed successfully for the production of room temperature 
GaAs radiation detectors and is the oldest method of growing epitaxial films on 
GaAs substrates. LPE material can be grown with thicknesses up to 100pm. 
There are still some technological difficulties, with surface morphology and ma­
terial purity with LPE. A promising new growth technique is the low-pressure 
vapour phase epitaxy (LP-VPE), which can achieve a growth rate of 150/zm/h
[63].
The above epitaxial growth techniques produce monocrystalline GaAs. A 
recently developed method of GaAs growth produces poly crystalline GaAs, where 
a GaAs wafer contains many crystals of the material. This vapour phase technique 
is based on the decomposition of a SI GaAs source material with a reactant 
(water), ending with the reverse reaction on a silicon substrate. The advantage 
of this technique is that it allows very high growth rates, up to 50/nn/min, so 
tha t millimetre thick layers can be produced in a relatively short time. This is 
much thicker than the other epitaxial techniques can produce [65].
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4.2 Fabrication of G aAs Pad detectors
SI GaAs, epitaxial GaAs and polycrystalline GaAs were all use to produce pad 
detectors. A pad detector has circular front Schottky contact and the ohmic 
contact covers the back of the wafer, see Figure 4.1. 2” VGF grown SI GaAs 
(wafer 13) was supplied by American Xtal technology (AXT), while samples of 
both epitaxial and poly crystalline GaAs were provided by J. G. Bourgoin. The 
polycrystalline GaAs was 500/im thick and was grown at a rate of 1.9/i??r/min. 
For the epitaxial GaAs sample a 270/im epitaxial layer was grown on a 300fim 
n-doped substrate. The SI GaAs substrate used in the epitaxial growth of the 
HEMT structures was also used to produce a pad detector. This sample is pre­
ferred as the substrate for epitaxial growth because it is misorientated by 3®, 
but the suitability of the material as a detector had not yet been established. 
Detectors were also fabricated at the same time using part of a spare SI GaAs 
wafer, which was intended to be a practice piece for wire bonding and mounting 
purposes.
In the case of polycrystalline GaAs, the material was grown on a silicon sub­
strate, thus, creating a surface with many dislocations and defects [65]. The 
other surface of the poly crystalline wafer was highly polished. Prior to any wafer 
cleaning or contact deposition, the poor quality surface was etched in a solution 
of sulphuric acid, hydrogen peroxide and water with ratios of 3:1:1, respectively. 
The sulphuric acid was added very slowly to the hydrogen peroxide and water, 
because the solution becomes very hot. The solution was placed on a hot plate 
(in a fume cupboard) and maintained at a temperature of 60^G. The etch rate 
of this solution was 2/zm per minute [66]. The other surfaces of the wafer were 
protected by black wax, and the whole wafer was attached to a glass block (by 
the wax) only leaving the poor side exposed. By holding the glass block, the 
wafer was gently stirred in the solution until such a time it was deemed that the 
dislocated region had been etched away. After the etching had been completed
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the sample was rinsed in deionised water. To remove the black wax the sample 
was then placed in a beaker of boiling tricholoroethylene for 10 minutes.
When GaAs is exposed to the atmosphere, an oxide layer forms on the sur­
face. To remove these oxide layers, all the wafers were cleaned before depositing 
contacts onto them. The SI GaAs did come epi-ready for 3 months but after 
this time period they also had to be cleaned. Solutions of HCL:H20 (1:1) 100ml 
each, and NH^OH  : H2O2 • H2O (20:4:200) making a total of 224ml, were used. 
The wafers were stirred in each solution for 30 seconds. Finally the wafers were 
rinsed in deionised water and a jet of nitrogen was used to dry them.
Schottky contact (Ti:Au)
GaAs substrate
In diffusion of ohmic contact metals
Ohmic contact
Figure 4.1: Illustration of a pad detector.
After the cleaning process these SI GaAs wafers, they were cleaved into 4 
quarters. The first process in making a PAD detector was to deposit an ohmic 
contact on one side of the wafer. Ohmic contacts were always deposited first 
because they were heat treated, a typical contact recipe used was AuGe(20nm) : 
Ni(20nm) : Au(200nm). In this experiment the ohmic contacts were evaporated 
onto the GaAs wafers by resistance heating. To prevent the wafers from falling 
from the holder in the evaporator it was necessary to pin them down. A corner on 
each quarter wafer was selected to be the site where it was held down, this corner
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Evaporation
metal
Percent 
purity (%)
Density
(g/cm^)
Thickness 
deposited (nm)
Gold (Au) 99.999 19.32 200
Gold-Germanium (AuGe) 88-12 17.64 20
Titanium (Ti) 99.95 4.54 20
Nickel (Ni) 99.9 8.9 20
Table 4.1: Properties for the metals used in the contacts of the pad detectors.
was also used later on for handling purposes. This procedure was introduced to 
minimise scratches being introduced across the wafer.
All the metal evaporations were done in a single pump down at a pressure of 
7 X  10"®Pa. After the ohmic contact was evaporated onto the GaAs wafer, it was 
annealed in a nitrogen atmosphere using an 8-lamp annealer. The temperature 
in the annealer was not ramped to its final temperature straight away, so as to 
reduce the overshoot that occurs with the equipment. The temperature was first 
ramped to 350°C in 60s, held at this value for another 60s, and then ramped up 
to 460°C in 60s where it was held for 30s.
The final stage in processing the detectors was to deposit the Schottky contact 
onto the other side of the GaAs wafer using shadow masks. These shadow masks 
left circular patterns of 3mm in diameter with no guard rings. The Schottky 
contact recipe was intended to be Ti(20nm):Au(200nm) for all the pad detectors 
fabricated. During the evaporation of the Schottky contact the evaporator broke 
down, leaving a contact consisting of Ti(17nm):Au(92nm).
For I-V characterisation, the pad detectors could be measured as they were. 
The measurements took place in a probe station. The Schottky contact of the 
detector was connected to a Keithley 487 picoammeter, which could simultane­
ously apply a bias across the detector and measure its leakage current. Using an 
IEEE-488 GPIB cable the picoammeter was linked to a computer, where a dedi­
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cated Labview program recorded the data. For CCE analysis the pad detectors 
had to be mounted to either a ceramic backing or a small PCB board. For both 
mounts the pad detectors were stuck to them (ohmic contact facing down) using 
silver dag, which acted as an electrical connection. Attempts to wire bond the 
Schottky contacts on the practice sample to a PCB failed due to the thinness 
of the Schottky contact, parts of which lifted off with the bond wire. Electrical 
connections to the Schottky contacts were made by attaching a fine copper wire 
with a small drop of silver dag to the centre of the contact. An Am^ "^  ^ alpha 
source was used to determine the CCE of the detectors as a function of reverse 
bias. The alpha source was positioned as close to the detector as possible so 
tha t it was only several millimeters above the Schottky contact. The spectro­
scopic chain used to obtain the alpha particle spectra from the detector was as 
follows: an Ortec pre-amplifier connected to an Ortec shaping amplifier tha t was 
connected to an Oxford Assayer multi channel analyser (MCA). A high power 
voltage supply was supplied across the detector via the pre-amplifier.
4.3 Characterisation of pad detectors
4.3.1 Results and Discussion
The results in Figure 4.2 show the reverse bias characteristic of the Sheffield 
wafer and wafer 13, both of which show diode behaviour. Wafer 13 had a leakage 
current of 0.2yuA and a breakdown voltage of 475V, while the Sheffield wafer had 
a high leakage current of ~l/xA and broke down at a reverse bias of 175V. The 
Sheffield wafer also showed a dip in its I-V curve at around 90V, which occurred 
in all of the devices fabricated from this material.
The value of the CCE for wafer 13 was calculated from the peak centroid 
of the pulse height spectra. The CCE increases with an increasing reverse bias 
across the detector, see Figure 4.3, until the CCE begins to plateau. The highest
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Figure 4.2: I-V  characteristic from the Sheffield and SI GaAs samples.
CCE recorded was 32.% at a reverse bias of 300V. The leakage current from the 
polycrystalline and epitaxial GaAs detectors was extremely high and showed only 
slight signs of rectification. Determination of the CCE with alpha particles of the 
epitaxial, polycrystalline and Sheffield wafer materials did not yield any results. 
This was assumed to be due to the material quality was too poor for a alpha 
peak spectra to be distinguished from the noise.
4.4 Ion beam  induced charge m easurem ents
4.4.1 Introduction
Ion beam induced charge (IBIC) is a powerful characterisation technique that 
allows the mapping of CCE as a function of position [67]. Consequently the
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Figure 4.3: CCE as a function of bias for wafer 13 through the front Schottky 
contact.
inhomogeneity of a material can be shown. In this section, the pad detectors 
fabricated from polycrystalline GaAs, epitaxial GaAs and SI GaAs samples were 
characterised using IBIC.
4.4.2 IBIC experimental procedure
A 3.1MV van de Graaff Accelerator at the Nuclear and Technology Institute 
(ITN) in Lisbon was used to generate ion beams, a schematic of the system 
set up is given in Figure 4.4. IBIC microscopy uses a focused beam of MeV 
ions to produce charge carriers in semiconductors. Each ion passing through 
the semiconductor detector generates electron-hole pairs along its trajectory, as 
described in Chapter 2. The current signal induced by the motion of the charge 
carriers at each pixel goes to the pre-amplifier and was then fed into a linear
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amplifier. The shaping time and coarse gain of the linear amplifier were kept 
constant throughout the experiment at O.bfis and 200, respectively. The 2 MeV 
proton beam penetrates about 30/xm into the GaAs, thus, the results should be 
representative of the bulk nature and not the surface. The spot size of the proton 
microbeam was l//m and a beam current of less than If A was used. The scan area 
was split up into 256 x 256 pixels, and the beam optics was adjusted to provide 
areas from 2640 firrP down to 150 firrP, this allowed the user to zoom in on 
specific regions of interest. Finally, the signal was analysed by a data acquisition 
computer, Oxford Microbeams Ltd Data Acquisition System (OMDAQ)  was 
used for the data acquisition and data analysis.
.ccelerator
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Figure 4.4: Schematic diagram of a nuclear microprobe system.
CHAPTER 4. GAAS PAD DETECTORS 128
Generated images showing variations in the average measured charge pulse 
height and the intensity of counts from different windows of the spectrum were 
recorded. It was also possible to extract the full pulse height spectra from each 
pixel. Therefore, the pulse height spectra for regions across the scan area could be 
compared. There is also a range of algorithms that can be applied when analysing 
the data, in our analysis we used values that gave the mean pulse height.
Two different detector positions can be used. Frontal irradiation was used to 
see the dependence of the pulse height on the position where the ions enter the 
detector. Lateral irradiation permits an analysis of the transport properties of 
the carriers through the sample thickness and allows the electric field profile to 
be evaluated [68]. The ion beam was scanned across the Schottky contact of 4 
GaAs samples. During the measurements the polycrystalline and epitaxial GaAs 
samples were kept at a constant reverse biases of 100 and 250V, respectively. 
Both the SI GaAs samples were imaged over a range of biases. The Sheffield 
wafer was imaged at reverse biases of 25, 50, 75 and lOOV, while wafer 13 was 
imaged at 140, 210 and 280V.
Proton Induced X-ray Emission (FIXE), a spectrometric technique used for 
trace element analysis, was also used. The protons (from the ion beam) penetrate 
the outer electron orbitals of a target atom and excite to higher shells. X-rays 
are given off as these excited outer electrons cascading down fill these vacancies. 
FIXE makes use of the fact that the electron shell energies of all atoms are 
different, thus, the X-rays emitted by a particular atom are unique [69].
To calibrate the pulse height spectra into absolute CCE values, the offset of 
the MCA was first calculated with the use of a puiser, and then pulse height was 
normalised to the response of a Si pin diode with a known CCE.
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4.4.3 Results
The maps in Figure 4.5 show the mean pulse height as a function of position for 
the polycrystalline GaAs. This correlates to a CGE map of the pad detector. In 
Figure 4.5(a) the contact wire can be just seen in the lower right region as a region 
of no charge collection. Figures 4.5(b) and (c) are a result of zooming about the 
centre of (a). These maps are interpreted as showing the polycrystalline nature 
of the material, with grains that had very low charge collection (dark regions) 
and a number of grains tha t did show some charge collection (lighter regions). 
The highlighted region in (c) was found to have a CCE of (8 ±  3)%. The CCE 
spectra for both the whole scan and grain are compared in Figure 4.5(d). The 
typical size of these grains were found to be lO^m in diameter. The CCE map 
of the poly crystalline sample was found to be unchanged with increasing the bias.
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Figure 4.5: CCE maps for poly crystalline GaAs for (a) 2640pw?, (h) 520pLm? 
and (c) IdOpm^ area scans, respectively, about the same centre, (d) gives the 
CCE spectra from (c) for the whole scan area and the single grain area. The bias 
was held constant at lOOV.
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Figure 4.6 shows the CCE map and a CCE spectra for a epitaxial GaAs pad 
detector. The area surrounding the bond wire has a higher CCE than the rest 
of the contact, as seen from Figure 4.6(a) . However, when comparing the CCE 
values of the two regions there values fall within the error limits. The area by 
the bond wire had a CCE of (8 ±  2)% while the rest of the contact had a CCE 
of (5 ±  1)%. The CCE spectra was analysed with the noise component of the 
spectra being excluded. Otherwise the values would have been slightly smaller 
than their peak centroid value, due to the noise bringing the mean CCE value 
down. Reducing the scan area showed tha t the CCE was uniform, apart from 
the above mentioned difference. The CCE spectra for the high charge collection 
region, in Figure 4.6(b), is clearly resolved from the noise, whereas the spectra 
from an area representing the rest of the device area is not. The presence of 
charge collection occurring outside off the contact area is due to the noise and 
pile up.
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Figure 4.6: (a) CCE map of an epitaxial GaAs pad detector over a 2640p,nP area, 
and (b) shows the CCE spectra for the scan area as a whole and the regions near 
and far from the bond wire.
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Figure 4.7: CCE map of SI GaAs (wafer 13) at a bias of (a) -I4OV, (b) at -210V, 
(c) at -280V for a scan area of 2640p.m? (d) shows the CCE spectra for the map 
of (c). The spiking in the spectra is due to pile up.
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Region CCE (%)
at bias of -140V
CCE (%)
at bias of -210V
CCE (%)
at bias of -280V
1 29 ±  5 37 ± 4 39 ±  3
2 28 ±  8 2 9 ^ 8 29 ±  10
3 24 ±  4 23 ± 4 23 ± 4
4 28 d= 7 36 ±  45 40 T 6
5 9 ±  3 11 ± 2 23 T 3
Table 4.2: Mean CCE values for the four regions of wafer 13 defined in Figure
For the SI GaAs sample (wafer 13), CCE maps for -140V, -210V and -280V 
were taken over the same scan region, see Figure 4,7. Compared to the epitaxial 
CaAs sample there is a wide variation in the CCE over the contact area and 
again the bond wire can clearly be identified. A higher CCE region can be seen 
around the edge of the contact.
Five different regions of interest were selected from Figure 4.7(c) and their 
CCE at each bias was calculated, these results are given in Table 4.2. The values 
were the mean over an area, and the error was given by the deviation in CCE 
over this area. As the bias increased, so did the CCE for each region except for 
regions 2 and 3, where the error could be hiding the trend. The spiking of the 
CCE spectra in Figure 4.7(d) was a result of the beam current being too high, 
which caused pile up.
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Figure 4.8; CCE map for the S I GaAs Sheffield wafer at (a) -50V, (b) -75V and
(c) -lOOV, respectively, (d) shows the CCE spectra from the scan in (c).
The second SI GaAs sample (Sheffield wafer) also showed a variation in the 
CCE over the contact area. Four regions of interest (highlighted in Figure 4.8(c)) 
had their mean CCE calculated at each bias, these values are given in Table 4.3. 
Again the CCE can be seen to be a strong function of bias. Areas of no charge 
collection within the contact were not expected. No gaps or craters were visible 
in the metal contact area, so it was initially thought tha t this could be due to
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Region CCE (%)
at bias of -50V
CCE (%)
at bias of -75 V
CCE (%)
at bias of -lOOV
1 9 ±  2 18 i  3 40 ±  3
2 10 ± 3 26 T 2 32 ± 2
3 3 ±  1 7 ±  2 15 T 3
4 11 ±  1 25 ±  1 23 T 2
Table 4.3: Mean CCE values for the four regions of the Sheffield wafer defined in 
Figure f..8 (c).
some splashing of the silver dag over the Schottky contact.
Proton Induced X-ray Emission (FIXE) images for the Sheffield wafer are 
shown in Figure 4.9. These were taken to determine if the dead regions on the 
Sheffield wafer CCE map were due to impurities such as the silver dag spreading 
from the bond wire. From the images it can be seen tha t the silver dag is confined 
to the bond wire region and was, therefore, not the reason for the existence of 
several dead regions over the contact area. The bond wire can be distinguished 
in several of the images as a dead region. For the arsenic, gold and gallium FIXE 
images there was also a faint line above the bond wire, this is thought to be 
caused by the shadow of the bond wire. The X-ray spectrum produced using 
FIXE is given in Figure 4.10. All the peaks from the spectrum were accounted 
for by elements known to be present in the sample.
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Figure 4.9: PIXE images for arsenic, gold, gallium, titanium, silver and copper.
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Figure 4.10: Spectrum from the PIXE analysis.
4.4.4 Discussion
The polycrystalline sample exhibited a granular structure in the CCE maps, 
with grains showing some sign of charge collection and others showing no charge 
collection at all. This property has previously been found in polycrystalline 
diamond [70]. The mean CCE of a single grain was found to be (8 ±  3)%. This 
material is at a very early stage of development and was therefore not expected to 
have a material quality comparable to currently available monocrystalline GaAs 
wafers.
The epitaxial sample proved to have a more homogeneous CCE, which was 
expected since epitaxial growth produces higher purity material. It is probable 
tha t silver dag has caused a high CCE region to occur by decreasing the pen­
etration depth of the protons in the GaAs [67]. Thus, the protons would lose 
their energy in a region closer to the Schottky contact where the electric field is 
stronger.
Wafer 13 shows a very inhomogeneous CCE profile, it is believed that this is
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due to the non-uniform distribution of defects in the material, which is dominated 
by the deep level donor EL2 [40, 41, 42]. EL2 tends to severely limit charge 
transport, so a non-uniform distribution would give a variation in CCE over the 
detector area. Its has also been shown tha t the inhomogeneous EL2 concentration 
causes an inhomogeneous resistivity [40, 41, 42]. The inefficient charge collection 
caused by the EL2 donor will also lead to a reduced energy resolution.
For the pad detectors, the ohmic contact covers the whole of one side of the 
wafer and the Schottky contact is a small circular pad on the opposite side. This 
creates a region around the edge of the contact where the electric field lines are 
not perfectly perpendicular to the Schottky contact and are closer together [67]. 
The stronger electric field around the edge of the contact is the cause of the 
high charge collection around this region for wafer 13. The general trend of the 
mean CGE values for the five regions all showed that the CCE increased with 
the applied bias. For wafer 13 the CCE from using an alpha source was found 
to be 32% at a bias of 300V, compared to a peak centroid of 39±3%, at a bias 
of 280V, found from the IBIC measurements. These two values fall very close to 
each other.
Prom Table 4.3, the CCE of the Sheffield wafer clearly increases with the 
reverse bias. However, there is a very inhomogeneous CCE profile, with a large 
difference in CCE value depending on the location. At a bias of -75V several 
regions (some large) were void of any charge collection. Region 3 of Figure 4.8(a) 
has a CCE of 14% at lOOV but appears to be void of any charge collection at 
-75V. It was thought tha t these regions could be due to some splattering of the 
silver dag, when attaching the bond wire. The PIXE analysis determined that 
this was not the case. From Figure 4.9 it can be seen that the silver is confined to 
the bond wire region. All of the peaks in the PIXE spectrum of Figure 4.10 can 
be accounted for by the elements known to be present. Therefore, it is believed 
that the dead regions are due to the bulk nature of this SI GaAs sample.
Chapter 5
D etector-transistor devices
5.1 Introduction
As previously discussed in chapter 1, hybrid detectors have a detector element 
and a readout circuit element. However, with monolithic detectors the detector 
element and readout electronics are integrated onto a single wafer. Monolithic 
detectors currently offer many potential advantages over hybrid detectors. Cur­
rent monolithic devices made from silicon suffer from a poor performance at 
energies above lOkeV, and the need for cooling at room temperature is unattrac­
tive. Monolithic amorphous silicon sensors make use of a scintillator to indirectly 
convert the incident X-rays into a electrical signal. The inefficient process of 
converting the X-rays to light and then the light to an electrical signal degrades 
the energy resolution. Although GaAs has been widely investigated as a detector 
material, a monolithic device based on GaAs for the direct conversion of X-rays 
into an electrical signal has not yet been attempted. The III-V centre at Sheffield 
routinely produces detectors and transistors using GaAs, but the simultaneous 
fabrication of both devices onto a single SI GaAs substrate will be a new chal­
lenge. In the following sections of this chapter the steps involved in producing 
a monolithic detector from GaAs are detailed. First of all, the electrical cir­
cuit of the proposed monolithic device was simulated and analysed using PSpice.
140
CHAPTER 5. DETECTOR-TRANSISTOR DEVICES 141
Then, the charge switching of a simple hybrid system, consisting of a pad detec­
tor, commercial transistor, external capacitor and load resistor, was investigated. 
In parallel with the development of the hybrid device, work on designing and 
fabricating a monolithic device was also produced.
5.2 PSpice Sim ulations
PSpice is the de facto standard for analog and mixed-signal simulation [72]. 
PSpice works with PSpice schematics in an integrated environment to create 
designs, set up and run simulations, and analyze simulation results. The circuit 
of the simulated system is shown in Figure 5.1. No model for a HEMT existed 
in PSpice, however, those for MOSFETs, JFETs and MESFETs did. The tran­
sistor used in the model was a MOSFET with a n-channel (NMOS), which had 
a threshold voltage of 0.6V. The pad detector was simulated to compose of two 
current sources Idark and Isig, and a capacitance Cdet- Where Idark is the leakage 
current in the detector and Isig is the induced current from the X-ray interactions.
By maximising the value of Cstore compared to Cdet, the voltage swing of 
the pixel is minimised, which would protect the HEMT from an excessive volt­
age. Cdet was estimated to have a capacitance of 0.21pF, from which Cstare was 
assigned a value of 21pF.
In the simulation, a signal generator applied a 0.7V gate voltage for 100/is, 
every 1ms. The applied bias Pg, marked in Figure 5.1, was kept constant at 20V. 
The SI GaAs substrate was to be used as the active detector element, hence, 
a positive Vg would deplete the active region of charge carriers. Through the 
evaluation of the leakage current in a pad detector, the dark current component 
in the simulation circuit was given a value of 0.07/i A. The induced current by 
the X-rays was assigned a value of 0.4/iA, at a peak beam energy of 30keV this 
would give 5.01 x lO^^photons/s/mm^.
The output across the load resistor as a function of time can be seen in Figure
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Figure 5.1: The electrical circuit for the proposed hybrid device.
5.2(a). Every time the transistor is switched on there is a spike in the potential 
across the load resistor, a close up view of this spike is shown in Figure 5.2(b). 
This spike represents the signal produced from the X-ray interactions, the peak 
value of this spike was found to be ISOmV in the simulation.
Figure 5.3 shows the node bias as a function of time with respect to the 
transistor being switched on and off. After the gate is switched off the bias at the 
node rises from zero to a value of 270mV, the time period when the transistor is 
switched off is the integration period for the storage capacitor. When the gate is 
switched on again the storage capacitor is discharged and the node potential is 
returned to zero. The charge on Cstore is representative of the current integrated 
over the time period, which is measured by the instantaneous value of Vr^.
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Figure 5.2: Potential across R l as a function of time from the PSpice simula­
tion of the detector-transistor system for (a) three switching intervals and (b) is 
zoomed in on one switching interval from (a).
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Figure 5.3: Node potential as a function of time from the PSpice simulation of 
the detector-transistor system.
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5.3 H ybrid device
5.3.1 Fabrication of the hybrid device
A number of commercial FET transistors were initially measured using the HP 
parameter analyser. This was done to find an enhancement mode transistor tha t 
had similar properties to the QT1455A HEMTs of section 3.4. The transfer 
curve of the transistor used in the hybrid device is shown in Figure 5.5. The 
threshold voltage, transconductance and off-state leakage current were found to 
be 0.64V, 42mS and 4.1 x 10“ ^^  A, respectively. The SI GaAs pad detector (wafer 
13) characterised in chapter 4 was used as the detector element for the hybrid 
device. The hybrid circuit was set up on a bread board and mounted on pillars 
inside a aluminium box, a picture of the hybrid system is shown in Figure 5.4. 
A hole in the lid of the aluminium box exposed the pad detector to the X-ray 
beam.
Figure 5.4: Picture of the hybrid device.
Figure 5.6 shows an X-ray image of the SI GaAs pad detector mounted onto 
a small PCB board, this was taken with an X-ray image intensifier. Dark regions
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Figure 5.5: Transfer curve of the commercial FET used in the hybrid design.
show areas of X-ray absorption. The pad detector can be seen in the centre of 
the image, in the background the copper tracks from the bread board can also 
be seen.
5.3.2 Measurements
A signal generator was used to produce a square wave tha t would rise periodically 
to slightly above the threshold voltage (0.7V) of the bipolar FET and then fall 
back to zero. The transistor was kept on for a time interval of 100/is and was 
switched with a period of every 20ms. A Tektronix TDS 3032 oscilloscope was 
used to measure the voltage at the node. This oscilloscope had the capability of 
saving the oscilloscope trace to disk, which was then exported into a spreadsheet. 
During the setup of the hybrid circuit it was found that it was sensitive to light.
CHAPTER 5. D ETECTO R-TRANSISTO R DEVICES 147
m «
Figure 5.6: X-ray image of the device under test.
Therefore, the ensuing tests on the hybrid device with X-rays were performed in 
a dark environment. The hole in the lid was covered by thin aluminium tape, this 
prevented light entering the box but allowed X-rays to pass through. Initially the 
output signal was taken across the load resistor, but no signal was observed. The 
output was then measured from the node labelled in Figure 5.1 (the Schottky 
contact of the pad detector).
An AEG 225kV X-ray tube, with tungsten anode, was used in conjunction 
with a 5mm collimator, to produce a parallel beam of X-rays. A simulated out­
put spectrum for the tube at 30kV is given in Figure 5.7. The hybrid device was 
positioned so tha t the Schottky contact of the pad detector was 25mm from the 
collimator. The hybrid device was not moved throughout the X-ray measure­
ments. The three variables of the experiment were the peak beam energy, the 
beam current and the reverse bias applied to the detector. When measuring the 
effect of just one of these variables the other two were held constant. First of all 
the variation in output signal with the peak beam energy was measured. Peak 
beam energy and beam current ranges of 10-50keV and 1-lOmA, respectively.
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Figure 5.7: Simulation of typical output spectrum of the AEG X-ray tube at 30kV.
were used. The detector bias was measured at 20, 30, 40, 50, 60, 80 and lOOV.
The dose rate at each beam current and peak beam energy was measured 
using a NE Technology 2670 Farmer with ionisation chamber. Like the hybrid 
device, the ionisation chamber was positioned 25mm from the collimator.
The dose rate was calculated over the volume of the ionisation chamber, but 
the volume of the incident beam was much smaller. The volume of the ionisation 
chamber was 0.69cm^. Knowing the size of the collimator and the inner diameter 
of the graphite tip, the volume of the X-ray beam was found to be 0.12cm^. The 
ratio of the volume of the ionisation chamber to the volume of the X-ray beam 
was 5.75, therefore, when determining the true dose received in the ionisation 
chamber the result was multiplied by this value.
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5.3.3 Results and Discussion
To quantify the level of the light induced signal, the output voltage in the dark 
and light are shown in Figure 5.8(a) and (b), respectively. At a detector bias 
of 0 and 20V in the dark and OV in the light, the node voltage drops over the 
period the transistor is switched off. This means that the current was moving in 
the opposite direction. It was thought tha t this current was due to the leakage 
current from the HEMT moving to the pixel, which was grounded. For the high 
detector biases the node potential increases linearly (and positively) over the 
lOO^ Lis time period, it can also be seen that at a fixed time the node potential 
increases linearly with increasing detector bias.
The only source of current in the detector for the dark environment is from 
its leakage current. The behaviour of the output signal in Figure 5.8(a) can 
be explained by the IV characteristic of the detector, given in Figure 4.2. The 
sudden increase in the slopes from 20V to 40V is from the sudden increase in 
leakage current between these reverse biases. The leakage current then plateaus, 
which explains the closeness of the slopes at 40, 60, 80 and lOOV. With the lights 
turned on in the lab, there was a significant effect on the node potential, which 
can be seen in Figure 5.8(b). Again the node potential increases approximately 
linearly with the detector bias. The light is creating a lot more charge carriers in 
the pad detector, this is evident by the large increase in the node potential. For 
a detector bias of lOOV, the node potential in the light and dark conditions were 
500mV and 70mV, respectively
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Figure 5.8: Node potential as a function time for (a) in a dark room and (b) in 
a lit room. The time period of -lOO-Ofis is when the transistor is off.
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The node current in Figure 5.9 was calculated from the gradients of the node 
potentials in Figure 5.8. It shows that both for the light and dark conditions 
the node current increases approximately linearly with the applied detector bias. 
This graph also shows that the contribution of the leakage current of the detector 
to the output signal is far smaller than the current induced by the light.
120
— Light 
—•— Dark100 -
80 -
60 -IIZ 40 -20 -
-20 0 20 40 60 80 100 120
D e tector b ias (V)
Figure 5.9: Node current as a function of the detector reverse bias in a light (red 
line) and dark (black line) environment, deduced from Figure 5.8.
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Figure 5.10: Node potential as a function of time over a range of beam currents. 
The peak beam energy and detector bias were held constant at SOkeV and 20 V, 
respectively.
Figure 5.10 shows the node potential as a function of beam current during the 
integration period, the peak beam energy and detector bias were held constant 
at SOkeV and 20V, respectively. Prior to -100/iS and after Os, in Figure 5.10, the 
transistor is in an on state. For the time period of -100/us to Os, the transistor 
is in a off state, and the node bias is seen to increase linearly with time. When 
keeping the beam current at 5mA and varying the peak beam energy a similar 
behaviour of the node potential was observed, see Figure 5.11.
Measurements taken with a peak beam energy of lOkeV did not produce 
results that were consistent with other beam energies. Repeating these mea­
surements showed that the results for this beam energy were not reproducible. 
Therefore, it was thought that the performance of the X-ray tube was more sta-
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Figure 5.11: Node potential as a function of time over a range of peak beam 
energies. The beam current and detector bias were held constant at 5mA and 
20V, respectively.
ble at higher beam energies. The detector position did no change throughout 
the experiment, but the temperature of the lab did increase significantly with 
prolonged use. However, all the measurements were performed in a short time 
period.
Calibration curves of the absorbed dose rate in air as a function of beam 
current and peak beam energy, using the NE Technology dosimeter are given in 
Figure 5.12(a) and (b). Figure 5.12(a) gives the absorbed dose rate in air for X- 
ray peak beam energies at a constant beam current of 5mA, a linear relationship 
is shown. The same is true for the relationship between the absorbed dose and the 
beam current, see Figure 5.12(b), for this measurement the peak beam energy 
was kept at SOkeV. The gradients of the lines in Figure 5.12(a) and (b) were
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found to be (14.8 ±  0.4)/iGy/A;ey and {b3.2 :k 0,2)pG y/keV, respectively. This 
calibration data will be used to evaluate the response of the hybrid device to the 
received dose.
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Figure 5.12: (a) Absorbed dose rate in air for a range of peak beam energies, at a 
constant beam current of 5mA. (b) Absorbed dose rate in air for a range of beam 
currents, with a constant peak beam energy of SOkeV.
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Figure 5.13: The node current as a function of the absorbed dose in air. The 
top plot (red line) gives the dose obtained from the calibration found in Figure 
5.12(b), the lower plot (black line) gives the dose obtained from the calibration 
found in Figure 5.12(a). The detector bias was held constant at 20 V.
Knowing the value of the node potential, the external capacitance and by 
using Q = VC  and I  = A Q /A t, the node current and the charge on the external 
capacitor were calculated. By multiplying the absorbed dose rate by the time 
interval {100(is) the absorbed dose could be evaluated. The gradients found in 
Figure 5.12 were used to present the data in the form of node current against 
absorbed dose in air, see Figure 5.13. For both the plots in Figure 5.13, data was 
recorded at a peak beam energy of 30keV and a beam current of 5mA. However, 
the two plots do not intercept at this point, which corresponds to an absorbed 
dose of O.SSjiGy. Instead they intercept at an absorbed dose of approximately 
0.53(iGy. Referring back to Figure 5.12, the values for the absorbed dose rate
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do coincide at a beam current of 5mA and a peak beam energy of SOkeV. Thus, 
the response of the detector for the varying beam current and peak beam energy 
measurements must have been different.
The detector current at the node as a function of the detector bias is given 
in Figure 5.14. For each beam energy the node current initially increases and 
then plateaus with increasing reverse bias across the detector. The node current 
(at a fixed energy) plateaus with bias because the charge collection efficiency 
of the detector also plateaus with increasing bias. This can be seen in Figure 
4.3, which shows the CCE for the pad detector used in the hybrid device. At a 
peak beam energy of 20keV the node current plateaus at a detector bias of about 
40V. Whereas the 5QkeV peak beam energy curve does not plateau for the bias 
range used. This difference is thought to be due to the behaviour of the electric 
field in SI GaAs. For low detector biases the depletion region of the detector 
is small and located near the Schottky contact. As the detector bias increases, 
the depletion region increases further from the Schottky contact. The induced 
charge by the 20keV photons for a detector bias of 40V is not much different to 
the induced charge at a detector bias of lOOV. This is because the 20keV photons 
do not penetrate any further into the detector, thus, no interactions occur in 
the extended part of the depletion region. However, due to the 50keV photons 
penetrating through a greater depth, the charge collected will increase with the 
increase in the depletion region.
As the peak beam energy increases the node current increases linearly with it. 
For example, at a detector bias of 80V the node current increases by 17-19nA for 
respective increases in peak beam energy of lOkeV. The linear increase in node 
current, at a fixed bias, also indicates that the peak beam energies are increasing 
at fixed intervals.
CHAPTER  5. DETECTOR-TRANSISTOR DEVICES 158
Beam current = 5mA
20 keV 
30keV 
40 keV 
50 keV
60 -
<c
c(D
3I
40 -
20  -
0 20 40 60 80 100 120
Detector bias (V)
Figure 5.14; Node current as a function of applied detector bias for 20, 30, 40 
and SOkeV peak beam energies. A constant beam current off 5mA was used.
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Figure 5.15 shows the charge integrated at the node as a function of absorbed 
dose calculated from the gradient of Figure 5.10 (only for a detector bias of 20V) 
and by using the calibration of Figure 5.12. The data shows an approximately 
linear relationship. Measurements were taken over a range of beam currents at 
two different detector biases (20 and 60V), with a constant beam energy of SOkeV 
for an integration time of lOO^s. The sensitivity of the hybrid sensor* is given 
from the gradient of the lines in Figure 5.15. For a detector bias of 20V the 
sensitivity was 1.39 ±  O.ObpC/fiGy and for a detector bias of 60V the sensitivity 
was 3.10 ±  0.07pC/iJ,Gy.
Normalising the sensitivity for the contact area produces sensitivities of 0.20±  
O.QlpC/jj,Gy mm? and 0.44 d= O.OlpC/ziGy mm?, for a detector bias of 20V 
and 60V, respectively. CVD diamond sensors, approximately 520/.i?n thick, have 
shown sensitivities between 0.21 and 0.34 pC/fiGy mm? at biases of ±300V [73]. 
The diamond was irradiated with 250kV X-rays. When compared to the diamond 
sensor at ±300V, the thinner SOOfim SI GaAs pad detector has a comparable sen­
sitivity at 20V and a greater sensitivity at 60V.
The signal to noise ratio (S/N) of this sensor can be estimated by taking the 
ratio of the charge at a fixed absorbed dose to that of a zero absorbed dose rate. 
For a fixed absorbed dose of 0.8Sp.Gy, the charge was 0.88pC and 2.59pC for a 
detector bias of 20V and 60V, respectively. The charge for a zero absorbed dose 
at 20V and 60V was 0.08pC and 0.41pC, respectively. This gave a S/N of ~  11 : 1 
at 20V and 6 ; 1 at 60V. The higher charge (for a zero dose) at a detector bias 
of 60V can be attributed to an increase in the leakage current in the detector.
5.4 M onolithic device
The monolithic devices were designed at Surrey and consisted of a SI GaAs pixel 
detector with an integrated HEMT transistor and capacitor. As in section 3.2.1, 
photolithography was used to produced the integrated device at the EPSRC
CHAPTER 5. DETECTOR-TRANSISTOR DEVICES 160
5Ü
6
—•— detector bias = 20V 
—•— detector bias = 60V5
4
3
2
1
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Absorbed dose in air (nGy)
Figure 5.15: Charge at the node as a function of the absorbed dose in air, the 
gradient gives the sensitivity of the sensor.
III-V Centre in Sheffield. The SI GaAs wafers used at the III-V Centre were 
misorientated by 3® to facilitate the growth of epitaxial layers. Presently the 
III-V centre would only use this type of SI GaAs, thus, the preferred SI GaAs 
detector material from AXT was not used.
5.4.1 Monolithic design
The electrical circuit for the monolithic device is shown in Figure 5.16. Although 
the functionality of this circuit will be the same to that of the hybrid circuit, there 
are some differences. For the monolithic design the only external component to 
the circuit is the load resistor. Whereas, for the hybrid design the load resistor, 
storage capacitor and transistor are all external.
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Figure 5.16: Electrical circuit for the GaAs monolithic detector.
A cross-sectional view of the monolithic design is given in Figure 5.17. The 
processing steps involved in the production of the monolithic device are given in 
Table 5.1. The pixel contact was designed so tha t the part which was adjacent to 
the HEMT extended half way across the drain contact. A single HEMT structure 
was used as the transistor in the monolithic device. Wafers with the QT1455 
and QT1455A epi-layer structures were used in the fabrication of the monolithic 
device. From the results in section 3.4, the bond pads for the gate and source 
contacts were deposited onto the epitaxial layers and not on the substrate. The 
external capacitor was produced by using silicon nitride as the dielectric, and the 
pixel contact and capacitor contact as the electrodes. The capacitor electrode 
area of 0.16mm^ and a 65/xm thick silicon nitride layer, would give a capacitance 
of ~22pF. Two guard rings were added to the structure to reduce any surface 
leakage currents. A complete guard ring could not be placed around the HEMT
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Figure 5.17: Cross-section of the proposed monolithic device (not to scale).
due to its connection to the pixel contact, see Figure 5.18. In Figure 5.18(a) the 
top view of the mask design for the monolithic device is shown, whilst Figure 
5.18(b) is a zoomed in region of (a) around the pixel-HEMT region.
When considering the fabrication of the monolithic device the back ohmic con­
tact for the detector represents a problem. Depositing and annealing the ohmic 
contact first would give a high probability that the surface would be damaged 
during the other processing steps of the monolithic device. Thus, for the process­
ing of this device the back ohmic contact was the last step. To protect the front 
surface during the evaporation and annealing stage of the back ohmic contact a 
silicon nitride cap layer was deposited over it. Once the processing of the back 
contact had been completed the silicon nitride layer was removed.
In total, five monolithic devices were fabricated at Sheffield, both single 
(QT1455A) and double (QT1455) heterojunction HEMTs were used. The mono­
lithic devices with single heterojunctions (QT1570A) failed due to poor lift off 
of the HEMT ohmic contacts and of the devices with double heteroj unctions 
(QT1570) only one survived the whole fabrication process.
The sensitivity to light of the one surviving monolithic device was initially
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mask step Processing
epi-taxial layers were grown onto the GaAs substrate
1 the ohmic contacts were deposited and annealed
2 recessing and deposition of the gate
3 mesa etch, mesa covers the HEMT and the data and gate tracks
4 deposition of pixel contact and data and gate tracks
Deposition of silicon nitride over whole wafer
5 deposition of capacitor electrode
6 mesa etch, mesa covers HEMT, pixel and capacitor electrode, will 
etch silicon nitride exposing the gate, source and guard ring bond pads
Deposition of back ohmic contact
Table 5.1: Processing steps of the monolithic device.
tested in the probe station. The capacitor and guard ring bond pads were 
grounded, the gate bond pad was connected to the signal generator and the 
output signal was taken across the load resistor.
CHAPTER 5. DETECTOR-TRANSISTOR DEVICES 164
mmm
m i
«
(b)
Figure 5.18: (a) Mask design for the monolithic device and (h) a close up view of 
the HEMT/pixel region.
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5.4.2 Results and Discussion
After the HEMT contacts had been deposited during the fabrication process, the 
HEMT was characterised at SheflBleld and was found to have a 0.7V threshold 
voltage. The monolithic device’s response to light was initially looked at. It was 
found that the output signal was identical to that of the signal being applied to 
the gate. After the deposition of the silicon nitride layer the drain contact was 
no longer accessible, so the HEMT characteristics could no longer be measured. 
However, the bond pads to the source and gate contacts meant tha t the diode 
behaviour between these two contacts could be measured. Figure 5.19 shows that 
the I-V relationship between the source and gate is linear and, therefore, there 
is no rectification. Figure 3.7 (in section 3.2.1) shows the expected behaviour.
120 1
100  -
80 -
60 -
40  -
20
-0.5 0.0 0.5 ) 1.5
Gate bias (V)
-40 -
-60 -
-80 J
Figure 5.19: IV  behaviour from the source and gate electrodes of the HEMT in 
the monolithic device.
Thus, it was thought tha t leaving the annealing of the back ohmic contact (for
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the detector) at the end of the processing could have destroyed the HEMT char­
acteristics.
The feasibility of an integrated GaAs pixel device was shown from the PSpice 
simulations and the characterisation of the hybrid device. The production of 
a GaAs pixel detector with an integrated HEMT and capacitor was proven to 
be achievable. However, more devices need to be fabricated, and the possibility 
of further work in the design and the fabrication process is also needed until a 
working monolithic device can be produced.
Chapter 6
Conclusions
This project has detailed the development of a SI GaAs monolithic X-ray detector. 
It was proposed tha t a SI GaAs wafer would act as both the active sensing element 
for the X-ray photons and as the substrate for the epitaxially grown High Electron 
Mobility Transistors (HEMTs). In the proposed monolithic detector design the 
integrated HEMT transistors were intended for charge switching purposes.
During the course of the project much has been learnt about the development 
of the SI GaAs monolithic sensor. First of all, the properties of the HEMT tran­
sistors that would be required for this application were identified. It was found 
that enhancement mode devices, with a threshold voltage of O.IV, would be op­
timal for a large scale array due to their lower power dissipation. A low off-state 
drain current relative to the signal current would prevent an excessive background 
signal caused by integrated leakage current. Also, a high transconductance for 
the HEMTs was identified as a necessity, this was because the transconductance 
was directly related to the switching speed for transistor devices.
The use of a recessed gate in the HEMT structure was found to be beneficial 
in producing the desired HEMT characteristics. The recessed gate would reduce 
the leakage paths through the doped AlGaAs layer without the need for reducing 
the doping level, which in turn would maintain a high transconductance. By 
varying the fabrication order during the production of the HEMT devices, the
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best order of processing steps was obtained. For the high yield production of 
HEMT devices, it was found that the bond pads for the source, drain and gate 
contacts had to be deposited onto the epi-layers. It was also determined tha t the 
mesa etch around the HEMT structure should be performed after the deposition 
of the gate contact.
An investigation into the charge collection uniformity of a number of different 
types of GaAs was also performed. Pad detectors were produced from poly crys­
talline, epitaxial and two SI GaAs wafers. An Ion Beam Induced Charge (IBIC) 
technique was used to map the charge collection efficiency as a function of po­
sition for the above pad detectors. Polycrystalline GaAs, which was of interest 
for potential large area sensors, was found to be granular in nature with grains 
of very low and some charge collection, similar to that found in polycrystalline 
diamond. In contrast, the epitaxial GaAs had a very uniform CCE map. Both 
SI GaAs pad detectors showed very inhomogeneous CCE maps, which are a t­
tributed to the non-uniform distribution of the EL2 deep donor. The SI GaAs 
material, which is of the type used as the substrate for the HEMTs, was found 
to have a number of dead regions within the contact area. It was believed tha t 
this was a result of the bulk nature of the SI GaAs sample and not due to surface 
effects. These studies emphasised the importance of wafer uniformity for GaAs 
based pixel detectors.
As an initial prototype, a hybrid sensor that utilised a commercial FET tran­
sistor to switch the charge from a SI GaAs pad detector was produced. The 
functionality of the hybrid sensor was identical to tha t proposed for the mono­
lithic device. The switching of the charge produced in the detector from an X-ray 
beam as a function of beam current and peak beam energy was investigated. A 
measure of the sensitivity of the SI GaAs hybrid device proved to be greater than 
that reported for diamond dosimeters, even though the detector bias and x-ray 
beam energy were considerably lower.
A single-pixel prototype monolithic GaAs sensor was designed in order to as­
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sess both the operating characteristics and the technological challenges, of a fully 
integrated monolithic GaAs detector. Several monolithic devices were fabricated 
at the Sheffield III-V facility, however we were not able to observe charge inte­
gration on these devices. The most likely cause of this is due to poor transistor 
performance caused either by stray conductive paths through the substrate, or 
by low fabrication yield.
Recent developments in the growth of epitaxial GaAs means tha t high quality, 
thick epitaxial GaAs wafers can now be grown. The improved uniformity of such 
epitaxial GaAs wafers would lead to improved detector characteristics, such as 
the charge collection efficiency and energy resolution. However, by using the 
currently available SI GaAs material, the feasibility of an integrated GaAs pixel 
array has been demonstrated, through the development and characterisation of 
a hybrid prototype. The resulting fabrication of a SI GaAs pixel detector, with 
an integrated HEMT transistor and external capacitor, has also been achieved. 
In implementing the next step of a fully functional monolithic device, more work 
in the design and fabrication would be needed.
A ppendix A
H EM T structures
Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 GaAs
450 ALGaAs Si n 1.5e+18
20 AlGaAs
100 GaAs
120 AlGaAs
100 AlGaAs Si n 6.0e+17
5000 AlGaAs
500 AlAs
Table A.l: QT1103 structure
170
APPENDIX A. HEMT STRUCTURES 171
Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 G a As Si n 1.5eTl8
200 ALGaAs Si n 1.5eTl8
100 AlGaAs
5000 G a As
300 AlAs
Table A.2: QT1070 structure
Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 GaAs
450 ALGaAs Si n 3.0e+17
20 AlGaAs
100 GaAs
120 AlGaAs
100 AlGaAs Si n 3.0e+17
5000 AlGaAs
500 AlAs
Table A.3: QT1090R structure
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Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 GaAs
450 ALGaAs Si n 1.5eH~18
20 AlGaAs
100 GaAs
120 AlGaAs
100 AlGaAs Si n 1.5e+18
5000 AlGaAs
500 AlAs
Table A.4: QT1090 structure
Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 GaAs
450 ALGaAs Si n 2.0e+18
20 AlGaAs
100 GaAs
120 AlGaAs
100 AlGaAs Si n 2.0e+18
5000 AlGaAs
500 AlAs
Table A.5: QT1455 structure
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Layer
Thickness (A)
Material Dopant Type Concentration (cm
100 GaAs
450 ALGaAs Si n 1.5e+18
20 AlGaAs
100 GaAs
5000 AlGaAs
500 AlAs
Table A.6: QT1455A structure
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Page 15, line 11: both materials need cooling has led to a search for new materials.
Page 55, Table 2.3: All authors used 59.5keV photons from an Anf"^  ^ source, 
apait from Necas who used 122keV photons from a Co^  ^source.
Page 69, line 4: plots of Via vs Vg and bVla/bVg vs Vg.. .the maximum value for 
the ôVid/ôVg curve...
Page 85, line 1: but it currently lacks agreement with the experimental data.
Page 85, line 17: This led to the development of a recessed gate...
Page 90, line 4: A double heterojunction structure creates two conduction channels in the 
GaAs layer, which could be depleted by different gate biases.
Page 90, line 6: Table 3.3 gives the measured characteristics of these new devices.
Page 121, line 1: SI GaAs, epitaxial GaAs and polycrystalline GaAs were all used...
Page 121: The thickness of the AXT and HEMT substrate wafers were 300|im.
Page 141, line 17: ...a signal generator applied a 0.7V gate voltage for 10p,s, 
every 110|Lis.
Page 146, line 6: .. .was switched with a period of 20ms,
Page 154, line 1: ...and (53.2 ± 0.2)|iGy/mA, respectively. • , .
Page 155: Figure 5.12 (a) should be as below
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